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INTRODUCTION 

URING THE PAST YEAR a concerted effort has been 
made by the Engineering Department at Lock- 
heed to build up an effective control of x-ray inspec- 
tion and to utilize to its full the possibilities inherent 
in this type of inspection. It is felt that this work 
furnishes an excellent example of the result of the ap- 
plication of engineering analysis applied to a produc- 
tion process to reduce costs, to improve the quality of 
the product, and to bring out important facts and prin- 
ciples. For several years the Lockheed Company has 
pioneered in the extensive use of x-ray inspection of 
castings. It is believed that this large-scale effort con- 
tinuing over this period has had a definite effect in im- 
proving the quality standards of foundry practice. 
Somewhat over a year ago, with the advent of high pro- 
duction, concern was shown over the costs involved in 
the x-ray inspection and a start was made to examine 
critically this procedure with particular reference to the 

nature of the controls employed. 

This preliminary investigation indicated a need for 
clarification in several Lockheed specifications dealing 
with forgings, castings, and x-ray, magnetic and other 
special inspection procedures. In the existing specifi- 
cations there was not a clear separation of the require- 
ments pertaining to each of the subjects noted. There- 
fore, the first step taken was the preparation of a clear 
specification dealing with each subject separately. 
Our later experience indicated the importance of this 
work as a foundation for further control and clear under- 
standing of the problem by all of the different individ- 
uals and departments concerned. The second con- 
clusion developed by this preliminary investigation was 
the definite need for a strict control in the selection of 
the parts to be subjected to x-ray inspection and the 
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determination of the correct percentage in each case of 
the parts received to be submitted to x-ray inspection. 
It was found that the authority for sending parts to the 
x-ray laboratory was vested in a number of individuals, 
many of whom were not sufficiently familiar with the 
structural importance of the different parts. As a con- 
sequence, many castings and forgings received x-ray 
inspection where a lesser degree or none at all was re- 
quired and in a few cases where technically 100 per 
cent x-ray inspection was required some lesser per- 
centage was actually used, despite the large total 
amount of such inspection. 

The most important decision to be made—important 
because it determined the whole trend of our control— 
was in regard to the basic purpose and function of x-ray 
inspection. Up to this time its primary use had been as 
a tool in large-scale routine inspection, with the im- 
provement of the parts through a correction of the de- 
fects as revealed by such inspection more of a secondary 
function. After studying the various aspects of the 
problem, it was decided that this relative emphasis 
should be reversed. Therefore, future work was based 
on the fact that the primary purpose of x-ray inspection 
was to serve as a creative means for improving the 
quality of castings by changes in the design where this 
appeared to be necessary, by correction of faulty 
foundry technique, and by improvement in pattern or 
die equipment. The use of this method of inspection 
for routine work, except for special classes of parts, 
was considered a secondary function, neither sound nor 
economical. The importance of this conception of the 
fundamental object of x-ray inspection in determining 
the approach to the general problem is clear. 

The purpose of the present paper is to present a prac- 
tical procedure for the economical utilization of x-ray 
inspection to improve the quality of castings and to 
safeguard the structural soundness of vital parts. 
Another object is the presentation of the important 
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conclusions reached from a detailed statistical analysis 
of the results of x-raying several hundred thousand 
castings. A third objective is a discussion of the rela- 
tion between defects as shown by the x-ray and the 
structural characteristics of castings. 


INITIAL PHASES OF PROGRAM OF X-RAY CONTROL 


As noted above, the first definite step taken in the 
program was the preparation of clear and separate 
specifications covering the requirements for castings, 
forgings, x-ray inspection, magnetic inspection, and 
physical testing and sectioning of parts. The second 
step was the listing of all castings and forgings used on 
each of the models and their classification as to struc- 
tural importance and per cent x-ray, magnetic, sectional 
and physical test requirements in accordance with 
existing government rulings. This was a task of no 
small magnitude and one requiring good judgment and 
detailed knowledge. It was carried out by responsible 
structural engineers. 

Concurrently with the work of classifying all castings 
and forgings, a detailed statistical investigation was 
made by Mr. L. C. Kantner of the Production Research 
Group under the direction of Mrs. M. M. Rockwell, 
covering a period of 25 months from November, 1939, 
to November, 1941, inclusive. This analysis was based 
on many thousands of reports on specific parts prepared 
during this period by the X-Ray Laboratory on the 
x-ray inspection of the castings and forgings used on all 
Lockheed models. 

Several months of intensive work were required for 
the completion of this analysis, which initially included 
the earlier period through March, 1941. The individual 
x-ray inspection reports contained the following in- 
formation: (a) date received; (b) receiving memo 
number; (c) total parts received; (d) total parts in- 
spected; (e) total parts rejected; (f) designation of 
alloy; (g) vendor; and (h) reason for rejection— 
(1) porosity (shrinkage, gas or channel), (2) dross, (3) 
oxidation, (4) shrinkage, (5) holes, and (6) cracks. In- 
formation was also available as to the type of pattern 
equipment used for all castings. All this wealth of in- 
formation was assembled in suitable tables, a-study of 
which brought out a number: of extremely interesting 
facts. 





Limitations of Radiographic Inspection 


At this point it should be noted that the rather in- 
tensive and critical study of this past year given to x-ray 
inspection has led us to question the absolute validity 
of certain of the data. This field of science, like others, 
has required development. It is felt that some of the 
pioneers have been too close to the picture and perhaps 
not sufficiently familiar with structural design to attain 
a balanced judgment. Such judgment is required since 
the science is not an exact one. It is believed that in 
the diagnosis of the nature of the defects revealed by 
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the radiographs a number of errors were made in cases 
where considerable skill is required to distinguish be- 
tween certain ones. Probably thousands of parts were 
rejected which were perfectly airworthy even though 
they contained defects. This conservatism, which stil] 
exists in many cases, is based on insufficient correlation 
between the seriousness of defects shown by a radio- 
graph and the results of structural breakdown tests. 
An x-ray alone is capable of showing the identity (in 
most cases), the location and size of discontinuities in 
the metal of a casting and nothing more. If more than 
a qualitative determination of these factors is to be 
made, much care is required. When these data are used 
in conjunction with the yardstick of structural tests, 
and only then, they constitute a valid means for rejec- 
tion of a casting on the basis of its airworthiness. De- 
spite these reservations it is felt that x-ray inspection 
is a valuable tool and that several valid conclusions can 
be drawn from the statistical analysis under discussion. 


Results of Statistical Analysis 


The first and one of the most interesting facts deter- 
mined from the statistical work was the relation be- 
tween the per cent rejection and the number of lots re- 
ceived. This relationship was basically similar for the 
various casting materials studied—namely, the 195T6 
and 220T4 aluminum alloys, the AM265T6 magne- 
sium alloy, and 4130 chrome molybdenum castings. 
Fig. 1, based on statistical averages, illustrates the type 
of curve obtained, which is roughly hyperbolic in its 
form, the rejections being very high for initial lots, 
dropping rather rapidly with succeeding lots and, fi- 
nally, slowly decreasing until asymptotic to a rather defi- 
nite percentage of rejection characteristic of each of the 
alloys studied. A typical curve for one specific part is 
given in Fig. 2. The importance of this type of curve 
to the whole control procedure is discussed in some de- 
tail later. It should be noted that Fig. 2 is more indica- 
tive than Fig. 1 of the number of lots required to elimi- 
nate high-rejection rates under recent, good foundry 
conditions where close cooperation exists between x-ray 
laboratory and foundry. 





| | 

} Se OS Oe ee oS ee ee 

REJECTION RATE VS PRODUCTION FOR 

|__ 220 T4, 195 T6,@ AM 265 TE CASTINGS | 
r 4 





7 ae sects 








PER CEN 






































X-RAY OF 


AIRCRE?T 


CASTINGS 


TABLE 1 


Rejection Summary for Period from November, 1939-March, 


Total 

Material Received 
24,495 
123,492 
53,242 
1,307 
550 


Magnesium AM265T6 sand casting 
Aluminum alloy 220T4 sand casting 
Aluminum alloy 195T6 sand casting 
Aluminum alloy 195T6 antioch casting 
Steel 4130XX sand casting 
Alcoa No. 43 sand casting 

Totals 


1941 


Total C oy 


Rejected Rejected 


Total 
Inspected Inspected 
2.58 
5.48 
11.00 


70.4 
71. 
44 


445 
4,793 


¢ r< > 
2,626 


17,259 
88,288 
23,861 


99 


32. 12.55 
14.5 
18.34 


53 
8O 
468 


100 


Qi ‘ 


550 
2,549 
132,929 8,465 64.6 6.38 


TABLE 2 


Relative Rejection Rates for Several Foundries, January-November, 1941 


a 


oO 
/0 


No. Castings 


Rejec- 
tions 


Material 
Description Rejected 
2,462 3.38 
6,790 4.45 
2,217 4.86 
1,427 6.16 


.70 


220T4 sand castings 72,769 
152,781 
45,580 
23,190 


221,551 4: + 


195T6 sand castings 
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Fic. 2. History and rejection curve for typical casting. 


A second part was the relative per cent rejection for 
the different classes of castings, as shown by Table | 
in which are included castings through March, 1941. 
Surprisingly, the rejections for 195T6 castings were 
twice the rejections for the 220T4 alloy and, in turn, 
the rejections for the magnesium alloy castings were 
one-half those for the 220T4 castings. These relative 
rejection rates were in inverse order to the understand- 
ing as to the relative casting difficulty for the alloys con- 
cerned. The probable explanation is the fact that 
knowing the greater difficulty of casting magnesium and 
the 220T4 alloy more attention and care were given to 


Rejection Cause as % of Total Rejections 
Oxida-  Shrink- 

Cracks, Holes, 

or . or or 
/0 ( 40 40 
4.67 6.20 2.2 
0.80 11.00 
0.06 2.03 


Porosity, Dross, tion, 


% 
65.3 
lg 
78 
64 
36. 


2.26 0.6 


in the case of the more 


observation is borne out 


the foundry technique than 
familiar 195T6 alloy. This 
by the definite fact that with few exceptions the rejec- 
tion rate of castings can be greatly reduced by proper 
development of the foundry technique required for each 
part. The Aluminum Company of America first used 
radiographic inspection for the development of alumi- 
num alloy castings in 1927, the initial equipment being 
installed in their Cleveland plant. Its use was gradu- 
ally extended and, when the 220T4 alloy was intro- 
duced for aircraft parts in 1935, radiographic inspection 
was applied for the first time to the entire develop- 
ment of the foundry technique. Comparatively re- 
cently, it has been more extensively employed for 
195T6 castings with the results noted. Analysis of re- 
jections during the last eleven months, Table 2, has 
shown that, while the rejection rate for the 220T4 alloy 
has been slightly lowered, that for the 195T6 alloy has 
been drastically reduced until it is only slightly more 
than for the former. This change is illustrative of the 
danger of drawing too definite conclusions from data, 
even though such data cover a considerable period of 
time and a large number of parts. On the other hand, 
this very point where the original conclusion was viti- 
ated by later results shows the value of analyses in re- 
vealing weaknesses, thereby making possible marked 
improvements in quality. 

Another important result of the investigation is 
shown in Table 3, which gives the effect on the rejection 
rate of the type of pattern equipment used for castings. 
It is interesting to note that with the exception of the 
220T4 alloy, where the rejection rate is already rela- 
tively low, there is a reduction of 37 per cent in rejec- 












TABLE 3 


Percentage Rejection as Affected by Pattern Equipment 





Metal Plate 
Pattern and 


Loose Metal 
Pattern and 


Loose Wood Wood Board % 
Material Pattern Pattern Decrease 
195T6 17.80 11.17 37.4 
220T4 5.64 5.20 8.0 
No. 43 25.00 15.83 36.5 
AM265T6 3.98 2.55 36.0 





tions obtained through the use of permanent metal 
plate or wood board patterns as compared with either 
metal or wood loose patterns. With the former type 
of patterns, the gating, venting, and arrangement of 
chills are fixed by the pattern equipment and, hence, 
when once developed are not subject to change because 
of the variation in the skill of the foundrymen. En- 
tirely aside from the superior quality of castings ob- 
tained with high type of pattern equipment, it requires 
less skilled workmen and the production rate is con- 
siderably increased. It would therefore seem that the 
clear presentation of this one fact should result in the 
replacement of all loose pattern equipment by perma- 
nent equipment and be worth the entire cost of the in- 
vestigation. 

A fact of considerable importance brought out in the 
detailed analysis was the great difference in quality of 
castings produced by different vendors. In some cases 
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the results were startling. This shows the importance 
of selecting a reliable foundry, certainly for important 
parts. Itis practically proof-positive that most castings 
can be produced with negligible rejections if the proper 
type of pattern equipment is used and sufficient care 
taken in its development. It becomes evident that one 
of the most valuable services which the intelligent use 
of x-ray inspection can render lies in the selection of 
reliable vendors and in enabling a foundry to know the 
quality of product it is producing relative to the quality 
that can be produced by careful foundry control. This 
latter point is vital, since it is evident that the general 
and proper use of x-ray inspection by customers, or bet- 
ter by the foundries, would have a powerful effect on 
the volume of business received by a foundry. Table 4 
is particularly interesting, showing the relative rejection 
rate for a number of specific parts that were produced in 
comparable quantities, first in one foundry and then in 
another. Unless the defects are clearly the result of im- 
proper design of the part, Table 4 offers convincing re- 
buttal of the statement that is sometimes made that 
the rejection rate cannot be lowered. It is felt worth 
while to note that, as a general proposition, the costs of 
high-quality castings where comparatively large pro- 
duction is involved is not necessarily higher, and may 
even be less, than the cost of lower grade castings. This 
is also a convincing argument in discussing casting re- 
jections with the foundries. It is mainly a question of 
the skill and care taken in the development of high- 








TABLE 4 
Comparison of the Same Castings Procured from Two Foundries 








Part No. Title Material 
53027 Mast—emp. rudder 195T6 
53300 Hinge brkt.—emp. fin 195T6 
53351 Hinge brkt.—emp. rud. sta. 55 195T6 
58100 Outlet—fuel syst. tank 195T6 
63245 Retainer—emp. elev. tab, cont., rear 195T6 

222717 Adapter—ail. tab, cont. unit 195T6 
230064 Fitting—door hinge sta. 227.8 ' 195T6 











Period No. No. Rejected, 
Vendor Covered X-Rayed Rejected % 

A 3-5-40 3,243 437 13.5 
1-2-41 

B 1-11-41 3,580 197 5.50 
6-27-41 

A 3-8-40 5,830 510 8.7 
8-2-40 

B 1-9-41 11,679 133 1.14 
6-27-41 

A 6-3-40 4,832 704 14.6 
11-12-40 

B 1-13-41 8,930 162 1.82 
6-26-41 

A 3-6-40 3,395 382 11.25 
3-13-41 

B 1-9-41 3,144 75 2.38 
6-27-41 

A 3-12-40 5,991 180 3.0 
1-14-41 

B 1-9-41 3,586 30 0.8 
6-3-41 

A 11-16-39 2,187 228 10.4 
12-20-40 

B 1-9-41 1,020 10 0.9 
10-23-41 

A 4-16-40 649 35 5.4 
4-28-41 


1-20-41 
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grade pattern equipment and then the use of sound 
general factory practices and control. 


Analysis of Nature of Casting Defects 


The final significant result of the statistical analysis 
was the part played by each of the six types of defects 
considered in the total rejection rate. The percentage of 
breakdown for the various defects is given for the 195T6 
and 220T4 alloys in Table 5. This table shows the 
variation in the distribution of the defects by months 
through 1941. It also gives the average distribution for 
this period based on the total castings rejected for each 
defect as a percentage of the total rejections. For 
purposes of comparison, the corresponding values for 
1940 are also given. It is of interest to note that dross 
and porosity account for about 75 to 90 per cent of total 
rejections. Both of these causes are under the control 
of the foundry, and it is interesting to see the large de- 
crease in dross as a rejection cause in comparing the 
years of 1940 and 1941. The considerable improvement 
in the rejection rate for 1941 is due, in good part, toa 
reduction in this controllable defect. Incidentally, 
from the airworthiness point of view, dross and porosity 
are the least serious and, unless they occur at critical 
sections or are extensive, should not constitute cause 
for rejection. On the other hand, the most serious 
defects—shrinkage and cracks—account for 3 to 5 per 
cent of rejections in the case of the 195T6 and 10 
to 14 per cent of the rejections in the case of the 
220T4. 

The wide variation from month to month in the per- 
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centage distribution of the defects is evident. It may 
be observed from Table 2 that there is a large variation 
between different companies in the rejections for dif- 
ferent defects, particularly porosity and dross. This 
factor may account for some of the large monthly vari- 
ations, since during a given month the castings from 
one foundry may predominate. ; 

Another cause for variation is the occasional un- 
usually low total rejection rate for a given alloy. This, 
as a rule, is due to a considerable decrease in one of the 
common and controllable defects such as dross or po- 
rosity, while one or more other defects, though remaining 
approximately constant with regard to their effect on 
total rejections, increase greatly in the percentage 
of the causes for that particular month. A notable ex- 
ample is in the case of the November rejections for 
220T4, when cracks accounted for 46.6 per cent of re- 
jections. This example shows the necessity of knowing 
all the facts before drawing too definite conclusions 
from apparently unusual conditions. Finally, this 
monthly variation may be due to error in assignment of 
the cause for rejection, since it is often difficult, for 
example, to distinguish by x-ray inspection between 
dross and holes. To check this point, some 50 castings 
that, according to the x-ray analysis, were rejected 
for dross were carefully sectioned, and it was found that 
in practically all cases the difficulty was holes. Despite 
this latter reservation, it is felt that this table gives a 
good picture of the relative percentage distribution of 
the defects and of the differences in this respect between 
the two alloys considered. 





TABLE 5 


Reported Variation in Distribution of Casting Defects, January-November, 1941 





Total 
—Rejection Rate— —Porosity*— 
195T6 220T4 195T6 220T4 


5.75 17 .90 67. 
2.51 .38 .90 44. 
31 8 3.2 65. 
07 7.0 89. 
33 74. 
.03 68. 
.70 57 
55 
26. 
18 
13. 


Dross* 
195T6 220T5 


93. 15. 
95. 48 
92. 12. 
87. 2. 
62. 20. 
38. 12. 
37. 13. 
12. 4. 
25. 22 
26. 52. 
46. 20. 


Month 


Jan. 
Feb. 
March 
April 
May 
June 
Julyt 
Aug. t 
Sept.t 
Oct.t 
Nov. 


9.2) 
o 


6 
41 
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——Holes*——~. 
195T6 220T4 


.14 
.92 


—Cracks*—. 
195T6 220T4 
.30 .10 .70 rj .80 
.04 .08 .87 .65 .69 
0 4 .30 17.6 2 
50 ) .90 3 2.20 
30 .10 8.1 .0 
5 9 .0 
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—Shrinkage*— 
195T6 220T4 


——Oxidation*— 
195T6 220T4 
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38 
.43 


36 
15. 


1941 Avg. 
1940 Avg. 1 


mn 
mim | COON mw OO 


° 
wolonmano: 
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0.50 4.7 3.9 0. 
0.00 9.9 9.5 0.65 





* Definitions of defects: 
ments or pockets in the metal. 


during melting (pinhole porosity) or to excessive temperature gradients during cooling (shrink porosity). 


Dross—in light metal castings, largely the oxide of the metals, notably Al,O;, occurring as viscous fila- 
Porosity—small voids, more or less generally distributed, due either to gases dissolved in the metal 


Oxidation—the pressure of 


oxides formed during solution heat treatment on the surface of grains exposed by microshrinkage or shrink porosity. Shrinkage—voids 
in the metal due to excessive temperature gradients during cooling. Distinguished from microshrinkage only by size and extent of 


voids. 
ling. 


Cracks—cleavage discontinuity in metal, due in general to hot-shortness of alloy, excessive straightening cold, or rough hand- 
Holes—voids in the metal caused by the entrapment of occluded or locally generated gases. 


t Exceptionally high rate of rejection was caused largely by extraneous circumstances at one foundry. 


t Total rejection rate only 0.4 per cent. 
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GENERAL CONCLUSIONS BASED ON ANALYSIS AND 
EXPERIENCE IN CONTROL 


The general conclusions from this statistical analysis 
and from further experience in the work of controlling 
x-ray inspection and foundry technique are summa- 
rized below. 


1. Close coordination is necessary between design 

groups, the inspection and purchasing departments, 
and the foundries if the quality of castings and forgings 
is to be improved. Furthermore, with large production 
it is essential that the results of inspection work be 
made immediately available to the control engineer and 
that prompt action be taken if correction of the design 
or foundry technique is required. 
' 2, X-ray inspection is not considered a suitable 
means for detecting the defects, such as laminations and 
folds, to which forgings are subject if the die or design is 
incorrect. For initial forgings from a new or modified 
die, the flow of the metal and any defects can best be 
determined by sectioning the forging at critical points 
and studying photomicrographs of the sections. If the 
metal structure is not sound, suitable changes to ease 
the flow of the metal should be made in the dies and new 
forgings should be rechecked in the same manner. 
Once sound forgings have been obtained, no special 
inspection is necessary, since the forging process is not 
subject to the variability characteristic of castings. 
This conclusion represents a change in point of view, 
since in the past we have conducted large-scale x-ray 
inspection of forgings. Under engineering control such 
inspection rapidly decreased in volume and has for some 
time ceased. 

3. Casting rejections are more difficult to control 
than forging rejections but can be reduced to a low per- 
centage by improvement in pattern equipment and 
proper care and skill, all of which are consistent with 
economical production. In analyzing the causes for re- 
jection to determine the nature of the correction re- 
quired, it is helpful to note that if a certain defect (ex- 
cept dross and porosity) keeps recurring, the design is 
usually at fault. On the other hand, if rejections are due 
to various defects or intermittently increase due to one 
defect, the casting technique as a rule needs correc- 
tion. 4 
4. When x-ray inspection is used to determine the 
ability of parts to hold hydraulic pressure, the rejections 
are generally high and the results of such inspection are 
uncertain. It has been found that a number of parts 
which are apparently satisfactory prove unable to hold 
pressure when subjected to a pressure test, while a large 
proportion of parts rejected by x-ray prove under a 
pressure test to be satisfactory. Therefore, in the case 
of such parts it is believed that a hydraulic pressure 
test is essential and that x-ray inspection is unnecessary 
for such castings once proper design and foundry tech- 
nique have been established. The latter is an impor- 
tant point since x-ray inspection in the case of these 
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castings is just as important a tool for the elimination 
of design or foundry defects as in the case of all other 
castings. 

5. Machine shop scrap due to defective castings 
has been but little affected by curtailment of x-ray in- 
spection and has remained small. During the past nine 
months there have been less than 200 such rejections in 
the Lockheed machine shop. As noted in the preceding 
paragraph, the x-ray inspection was not curtailed until 
after the necessary corrections were made in the foundry 
technique. 

6. Itis better and more economical to inspect steel 
forgings magnetically than to x-ray them. This is be- 
cause the usual forging defects, cracks and laps, cannot 
be readily, or with certainty, detected by x-ray inspec- 
tion. In the case of steel castings, however, the nature 
of the defects, shrinkage and holes, is such that these 
can be better revealed by x-ray than by magnetic in- 
spection. 

7. Permanent metal pattern equipment is not only 
economical but greatly improves the quality of cast- 
ings. 

8. There is a large variation in the quality of iden- 
tical parts as produced by various vendors. 

9. Large cost savings can be made by careful con- 
trol of x-ray inspection and by correlating it both with 
the structural importance of the part and the percent- 
age of rejection. There should be a further correlation 
with the actual strength of the part as determined by 
static test. 

10. The best primary form of control is a graph for 
each part, showing the percentage of rejection versus 
the lot number, kept up to date at ali times. 


CONTROL PROCEDURE 


As a result of over a year’s intensive efforts devoted 
to studying methods for securing effective control of 
X-ray inspection, a rather simple form for such control 
has been evolved. One important principle which our 
experience has indicated as essential is that of cen- 
tralizing the control work in one office which in our 


engineer. Other groups furnish this central control 
office with data and reports and, as a result of facts 
brought out in exercising control, this office makes cer- 
tain recommendations which are carried out by other 
groups. 

The Stress Division states its requirements as to 
the percentage of x-ray inspection; the X-Ray 
Laboratories furnish detailed reports on the results of 
x-ray work; the Research and Testing Laboratories 
supply data on strength tests or sectional tests made 
of castings or forgings; and the Accounting Department 
furnishes a monthly report summarizing the cost of all 
x-ray work done. The control office in turn makes 
recommendations to the Production Engineering Divi- 
sion in regard to specific parts whose record is unsatis- 
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factory. These, depending on the nature, are trans- 
mitted to the design groups or to the foundry to secure 
immediate correction of the difficulty observed. 


The various controls used, some of which have been 
previously noted, are briefly discussed below. A pri- 
mary one is the determination of the percentage of 
x-ray inspection for each part prior to its receipt from 
the foundry. This is determined by stress and foundry 
control requirements. The former are initially based 
on the stress analysis of a part or upon specific Govern- 
ment rulings and may be later modified by a static 
destruction test on the part. Once they have been 
finally set, the stress requirements are constant, but 
those for foundry control are variable and depend pri- 
marily on the state of development of the part as re- 
vealed by its previous x-ray history. For initial lots 100 
per cent x-ray is usually required, this being decreased 
to 25 or 10 per cent as the rejections fall. Once the 
latter are consistently below 5 per cent, the x-ray in- 
spection for foundry control alone will not exceed 10 
per cent and may be only sporadic. As a check against 
changing conditions in a foundry, it is felt to be highly 
advisable to have a spot inspection amounting to an 
average of 5 per cent inspection on all parts which other- 
wise would receive no inspection. The expense of in- 
spection to this extent is well repaid by the assurance 
given that proper foundry technique and standards, 
once established, are maintained. The permanent 
stress requirements are placed on the pertinent draw- 
ings. 

The total requirements, including those for foundry 
control, are in the form of lists covering special 
inspection for each part. These lists are furnished 
each month to the Receiving Inspection Department 
which sends the requested parts to the X-Ray Labora- 
tory or to the Structural Test Laboratory for sectioning 
or static test. 


The next basic control is the individual graph that 
shows the rejection history for each casting. Fig. 2 is 
a reproduction of one of the forms on which the graph 
is recorded and shows the type of information main- 
tained for each part. Another form of control is a 
weekly report from the machine-shop salvage group 
giving the scrap, if any, due to defective castings. Oc- 
casionally, there will be a small run of defective cast- 
ings, and this report brings attention to it so that im- 
mediate correction can be made and, if advisable, all 
castings of that particular part on hand may be 
x-rayed. 

The last control used is the monthly report from the 
Accounting Department, noted above, giving a sum- 
mary of the x-ray work done with the costs and per- 
centages for the various classes of parts x-rayed and the 
percentages of each class rejected. Since some experi- 
ence was necessary to secure the type of information 
needed for control, the column headings used in the ac- 
counting report are given. 
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Lockheed Aircraft Corporation Cost of Castings and Forgings X-Rayed 
Month of October, 1941 





Rejected as Result 
——@f X-Ray > 
Per- Per- 
cent- cent- 


—X-Rayed— 

Total Per- 
re- cent- 

ceived age age age 

by of of of 
De- Lock- those those 
scrip- heed Quan- re- 
tion* (2) 


those 
Unit Total 
cost cost 


Quan- x- re- 
ceived tity 


ceived 


tity rayed 


* Aluminum alloy castings, 195 aluminum alloy castings, 220 aluminum 
alloy castings, magnesium castings, die castings, 356T6 and Alcoa 43 alumi- 
num alloy castings, bronze, brass and aluminum bronze forgings and cast- 
ings, steel castings. 


Difficulties in Control Work 


During the development period in our work of se- 
curing control, several unforeseen loopholes in the con- 
trol became evident. This was inevitable because of 
the large number of parts of different classes involved 
and the number of men and departments concerned. 
Much of the difficulty was due to the fact that the con- 
trol technique and the forms required were in process of 
development. It is hoped that the present paper will 
eliminate most of this lag for companies wishing to in- 
stitute a strict control. The control engineer in speci- 
fying for foundry control 100 per cent x-ray inspection 
on a new casting, anticipating the receipt of only a 
relatively small lot, should set an upper limit such as 50 
or 100 parts if the nature of the part is such that the 
stress requirements would be only 10 per cent or zero. 


TESTS ON CORRELATION OF RADIOGRAPHS AND FATIGUE 
AND IMPACT PROPERTIES 


In the present section of this paper, data of a some- 
what more scientific nature and direct interest to struc- 
tural engineers will be presented. Since these relate to 
rather controversial questions on which the published 
information is meager, it is hoped they will constitute a 
contribution that will assist in establishing correct con- 
clusions. For over a year the Lockheed Structural Re- 
search Laboratory has been carrying on a program to 
correlate radiographs of aluminum alloy castings with 
their structural characteristics, with the primary em- 
phasis on impact and fatigue. These tests were con- 
ducted by Dr. W. L.- Howland, assisted by Mr. Buz- 
zetti. 

Again it is noted that a radiograph can only determine 
the soundness of a casting, revealing discontinuities in 
the structure of the metal, their size, location and nature. 
The strength of a casting is also strongly affected by 
other factors of a more strictly metallurgic nature such 
as heat treatment, chemical composition and grain size. 
This is important in understanding the limitations of 
x-ray inspection and the lack of more perfect correla- 
tion between soundness quality, as read from a radio- 
graph, and the structural properties. In this connection 
it may be well observed that while x-ray is a rather re- 
liable inspection tool for determining facts on which re- 
jection may depend it is also too often used as the sole 
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criterion for rejection, due account not being taken of 
other factors. It may be independable as a means of 
acceptance; a perfectly sound casting may, through 
improper heat treatment, be totally unacceptable. 


Accuracy and Consistency of Radiograph Quality Rating 


Because of the current discussions regarding con- 
sistency in x-ray rating and the number of gradations 
advisable, the scale used in the Lockheed tests and the 
consistencies and agreement obtained by independent 
raters are felt to be of interest. All specimens were 
rated against a scale of 13 points: 0, very bad; 1, bad—; 
2, bad; 3, bad+; 4, poor—; 5, poor; 6, poor+; 7, 
fair—; 8, fair; 9, fair+; 10, good—; 11, good; 12, 
good+. 

The specimens for the Moore Fatigue tests discussed 
below were rated independently by three men and one 
rerated them seven weeks after his initial rating. In 
the later case the average deviation between the first 
and second rating was 0.96 point. The average devia- 
tions of the three raters from the averages of the four 
ratings made were 0.83, 0.61, and 0.51 point for raters 
A, B, and C, respectively. 

In two series of fatigue tests, described later, the same 
rating procedure was followed. Two men in the first 
series made check ratings after seven weeks and rater 
B’s average deviation from his first readings was 1.8 
points; C’s average deviation from his first readings was 
1.2 points. The average deviations of raters A, B, and 
C from the averages of the five ratings made on 21 speci- 
mens were 1.16, 0.53, and 0.47 points, respectively. In 
the second series of tests on 19 specimens, a single read- 
ing was made by each of three raters. The average 
deviations from the average of the three ratings were 
1.47, 1.26, and 0.74 points for raters A, B, and C. 

It was agreed that no finer scale was practicable but 
the scale used was satisfactory for careful test work. 
For routine production work a scale of 3 to 5 points is 
probably sufficient. Ability to rate accurately is a 
rather special one; the best and most consistent rater 
had had only slight experience before these tests. A 
technically good radiograph is as a rule better than the 
ability of the rater to interpret it. This ability is much 
improved by careful correlation of his ratings with test 


results. 


Standard Fatigue Tests 


The first series of tests were on fatigue, using a stand- 
ard Moore Rotating Beam machine. Twenty-eight 
specimens were cut from 195T6 production castings 
rejected by x-ray and were machined to standard speci- 
men dimensions (diameter = 0.300 in.). All specimens 
were rejected for shrink porosity. The data are con- 
tained in Table 6. Fig. 3 gives the fatigue life versus 
the x-ray quality for all specimens tested at 12,500 Ibs. 
per sq.in. This shows a definite correlation, though 
the spread is rather wide due to the factors noted 
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above and possible errors in the quality readings. The 
data are also plotted in Fig. 4 as stress versus cycles. 
The solid curve is for sound specimens. The lower 
curve is defined by Lockheed specimens in the ‘‘bad”’ 
to ‘‘poor” range of quality. The ratio between the 
stress values of the two curves is quite constant, ranging 
from 0.64 to 0.70. 


Tension Impact Tests 


Another series of tests was made on impact values 
in tension using a Riehle tension impact testing ma- 
chine. All specimens were cut from rejected produc- 
tion castings. Twenty-three were 195T6 specimens and 
eight were 220T4 specimens. These had a gauge length 
of 1 in., a nominal width of */; in., and varied in thick- 
ness from !/s co */s in. and were unnotched. The test 
results are summarized in Table 7. The unit energy 
absorbed is plotted against the x-ray quality rating in 
Fig. 5 for the 195T6 specimens and in Fig. 6 for the 
220T4 specimens. One of the most significant results 
of this investigation is shown in Fig. 7 where the unit 
energy absorbed is plotted against per cent elongation. 
This plot includes both 195T6 and 220T4 specimens. 
It is clearly evident that impact properties are prac- 
tically proportional to elongation values, thus em- 
phasizing the importance of avoiding low elongations 
and indicating a simple method for determining the im- 
pact quality of suspected material. The large effect 
of quality rating on dynamic properties is clearly evi- 
dent being more marked in the case of the 220T4 alloy. 
For this alloy the ratio of energy absorption between a 
quality 10 and a quality 5 specimen is 4.3 from the 
curve, and for the 195T6 material the corresponding 
ratio for qualities 10 and 5 is 1.5. One other point of 
significance is the great superiority, in the high quality 
range, of the 220T4 to the 195T6 alloy in energy absorp- 
tion characteristics. At a quality rating of 10, this ratio 
of the values is 3.5 and at the quality 5 rating it is 1.3. 
It is felt that this fact should be taken into account in 
designing structural parts subject to impact. 


Fatigue Tests in Reversed Bending 


The next extensive test series was one on fatigue in 
reversed bending. For this purpose a special test cast- 
ing, shown in Fig. 8, was designed so as to afford a 
standard specimen typical of aircraft structural cast- 
ings but of such a nature that it can be conveniently 
tested in tension, compression or bending. Twenty- 
one specimens of 195T6 alloy and 19 specimens of the 
220T4 alloy were cast by the Aluminum Company of 
America. The endeavor was made to have different 
degrees of various types of defects intentionally repro- 
duced in these specimens. The quality range actually 
obtained was not so great as desired, and it is planned to 
have additional specimens tested with a wider range. 
The results of these tests are recorded in Tables 8 and 
9. It will be noted that the fiber stress of + 17,500 lbs. 
per sq.in. used is quite high, approximating the “limit 
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Results of Moore Rotating Beam Fatigue Tests. 


TABLE 6 


All Material 195-T6 





Total Load 
on Spec. 
(Inc. Tare), 
Lbs. 


15.9 
16.6 


13. 
16. 
16. 


13. 


17. 


16. 


16. 


16. 
16. 
16. 
16 
16 


30. 
24. 
13. 
30. 
61 10. 
144B 16. 
143Z 16. 
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3 
4 
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73 
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Diameter 
at Center, 
In. 


0.301 
0.301 





Bending 
Stress at 
Center, 
Lbs./Sq.In. 


12,450 
12,520 
9,970 
12,370 
12,480 
9,620* 
12,570 
12,480 
12,490 
12,490 
12,460 
12,460 
12,460 
12,460 
18,000 
12,470 
12,470 
12,470 
12,460 
18,020 
12,460 
22,450 
18,030 
10,000 
22,530 
7,460 
12,500 
12,460 


Cycles 
at Failure, 
xX 10-3 


1,211 
2,390 
3,145 
1,436 
1,728 
100,008* 
1,754 
1,427 
14 
1 
440 
349 
563 
424 
79 
248 
136 
27 
256 
10 


7 

58 
658 

4 
3,993 
1,735 
2,535 


—-Howland— 


T&B 9-15-41 
11 


Buz- 
zetti, 
11-5-41 9-16-41 


1 11 


9 
6 
e 
5 
4 
5 
5 
9 
0 
0 
2 
3 
4 
4 
4 
2 
2 
3 
1 
1 
2 
2 
1 
1 
1 
1 





* Specimen did not fail at this stress—was retested at a higher stress 
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Fatigue life vs. x-ray quality rating, Moore rotating 
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load”’ for castings with a factor of 15. The plots of the 
fatigue life cycles at this stress against x-ray quality are 
shown in Figs. 9 and 10. The definite correlation is 
evident from these figures. The fatigue life for the 
195T6 specimens at quality rating 10 is approximately 
3.4 times that at a quality rating of 4. The corre- 
sponding ratio for the 220T4 specimens is 2.8. In 
comparing the fatigue life of the two alloys a line pass- 
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Fic. 4. S-N curve 195-T6 castings, Moore rotating beam test. 
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Results of Impact Tension Tests 








Spec. No. t, In W, In. Area, Sq.In. Material 
1 0.249 0.357 0.08890 195-T6 
2 0.247 0.357 0.08820 195-T6 
3 0.2365 0.3583 0.08474 195-T6 
4 0.238 0.375 0.08925 195-T6 
5 0.250 0.374 0.09350 195-T6 
6 0.234 0.399 0.09377 195-T6 
7 0.2545 0.3775 0.09607 195-T6 
8 0.249 0.3795 0.09425 195-T6 
9 0.241 0.380 0.09158 195-T6 
10 0.221 0.381 0.08420 195-T6 
11 0.2238 0.3725 0.08307 195-T6 
19 0.1245 0.356 0.04430 195-T6 

20 0.144 0.383 0.05515 195-T6 
28 0.2816 0.3605 0.10152 195-T6 
29 0.2792 0.3700 0.10330 195-T6 
30 0.1252 0.3800 0.04758 195-T6 
31 0.1253 0.3766 0.04719 195-T6 
32 0.1258 0.3666 0.04612 195-T6 
33 0.1585 0.3850 0.06102 195-T6 
34 0.159 0.3808 0.06055 195-T6 
35 0.145 0.3861 0.05598 195-T6 
26 0.247 0.383 0.09460 195-T4 
27 0.252 0.3585 0.09034 195-T4 
15 0.2855 0.3765 0.10749 220-T4 
16 0.311 0.3765 0.11709 220-T4 
2 0.328 0.359 0.11755 220-T4 
22 0.333 0.375 0. 12487 220-T4 
23 0.334 0.382 0.12759 220-T4 
24 0.342 0.379 0.12962 220-T4 
25A 0.331 0.3775 0.12495 220-T4 
25B 0.231 0.379 0.08755 220-T4 
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Tension impact strength vs. x-ray quality rating 195-T6. 
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2.0; 


ing through the center of the indicated trend was used. 
At quality 10 rating the ratio of fatigue values for the 


and at quality 4 rating this ratio 
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Unit Energy % X-Ray 
Energy Absorbed, Elonga- Rating Major Defect 
Absorbed, Ft.-Lbs./ tion, 1 (By W. L. Noted on 
Ft.-Lbs. Cu.In. In.G.L. Howland) X-Ray Filn 
15 168.6 7 SP 
22.8 258.5 9 DR 
10.9 128.6 4.0 4 DR 
16.6 186.0 5.5 11 DR 
8.0 85.6 2.0 2 DR 
11.7 125.3 4.0 5 DR 
22.9 238.4 6.5 8 SG 
20.0 212.2 6.0 7 SP-SG 
16.3 178.0 6.0 6 SG 
14.9 177.0 5.0 7 SP-GP 
5 Sis 213.1 6.0 7 SP-DR 
7.9 178.2 7.0 5 DR 
8.0 145.0 5.5 4 DR-GP-SG 
16.9 166.5 3.0 11 DR 
15.4 149.1 2.5 10 SG 
10.7 224.9 5.5 4 DR 
2.7 57.2 1.0 5 DR-SG 
5.3 114.9 3.0 3 DR-SG 
10.5 172.0 5 DR-SG 
2.2 183.3 7.5 6 DR-SG 
14.4 257 .2 10.0 6 DR-SG 
14.0 148.0 4.0 8 DR-SG 
13.7 151.6 5.0 5 GP 
39.9 371.2 10.0 7 DR-SG 
59.3 506.4 13.0 6 DR-SG 
81.9 695.5 16.0 9 DR 
89.0 712.7 15.0 10 DR 
83.6 655.2 15.0 9 DR-SG 
128.5 991.4 20.0 11 SG 
16.9 135.3 3.5 5 DR-SG 
10.3 117.6 3.0 4 DR-SP-SG 
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FIG Tension impact strength vs. x-ray quality rating 220-T4. 


was 2.1, in each case the 195T6 being superior. On the 
other hand, if the fatigue stresses are below 8,500 Ibs. 
per sq.in., this relationship is reversed.* This latter 

* This observation cannot be easily explained: it is suggested 
that it needs further substantiation, 
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TABLE 8 


Results of Fatigue Tests on Casting X-2037. Material 195-T6. f, +17,500 Lbs./Sq.In. 





—-—— —-X-Ray Quality Ratings 
Fatigue Howland Buzzetti 
Life Ist 2nd Ist 2nd Total 
Cycles T&B 9-15 11-6 Average 8-29 10-25 Average Average Major Defects Noted on X-Ray Film 


581,000 7 9 8 8!/; ¢ r ‘ 8 PP 
575,000 10 10 11 10'/, ( 91/, 10 PP-SG 
390,000 6 9 8 8'/. 8 9 s SP 
336,000 10 8 8 8 ¢ ; 1/ 83/, PP-SG 
448,000 5 j 61/. ) ) SP 
460,000 7 ¢ 8 C . PP 
442,000 6 j 81/. 33 PP-SG 
306,000 6 ¢ 6! 34/, CK-PP. Specimen failed at crack noted 
near small end 
268,000 7 8 /s 1/; DR 
160,000 5 ) j , ?/, PP-SP 
236,000 d j 5 51/9 4'/, ‘ BH-DR. Specimen did not fail at blow- 
hole 
149,000 7 8 8 : ) jt /5 1/; SP-SG 
228,000 6 ¢ 3/; s SP-DR. Failure started at one of the 
dross inclusions noted ’ 
230,000 } j 4 DR. Failure started at a large dross in- 
clusion 
338A0 325,000 : E : f : 34 SP-DR 
338Al1 167,000 ij : j , } d 5 5?/,; SG-SP 
338A3 135,000 j ‘ 21/, d : : 2'/; SP-SG-DR. Failure started at a dross 
inclusion 
338A4 114,000 : : j f : é 24/, SP-SG-DR-CK. Did not fail at crack 
338A6 230,000 5 : : ! é ° 44/, SG-SP 
338A7 336,000 ¢ - 51/, ) . t ) SG-SP 
338A8 428,000 } j j j ) 5 5?/, PP 








stress is only slightly above the endurance limits of 
6,000 and 7,000 Ibs. per sq.in. for 195T6 and 220T4, 
respectively, as given by the Aluminum Company of 
America. 
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Fic. 7. Tension impact strength vs. per cent elongation. 
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Fic. 9. Fatigue life vs. x-ray rating, reversed bending tests 


. 8. Specimen for reversed bending tests. 195-T6. 
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TABLE 9 


Results of Fatigue Tests on Casting X-2037. 


Material 220T4. f, +17,500 Lbs./Sq.In. 








X-Ray Fatigue 


— 





Spec. Film Life How- Buz- 
No. No. Cycles T&B land zetti 
41 243C8 141,000 8 5 8 
42 243C9 46,000 3 2 4 
45 244C2 74,000 10 7 6 
47 244C4 140,000 5 2 4 
48 244C5 226,000 8 8 8 
49 244C6 52,000 9 6 7 
52 244C8 74,000 2 3 2 
54 245C0O 174,000 4 7 7 
55 245C1 132,000 5 zs 8 
56 245C2 130,000 6 5 6 
59 245C5 120,000 6 5 6 
61 245C6 143,000 7 5 5 
62 245C7 83,300 7 2 3 
63 245C8 202,000 11 10 11 
64 245C9 44,000 2 s 5 
65 246C0O 171,000 10 10 10 
67 246C2 79,000 10 1 3 
68 246C3 256,000 11 10 12 
69 246C4 170,000 0 3 5 


—X-Ray Quality Ratings 








Average Remarks 
7 SP-DR 
3 SP 
72/3; DR. Very fine crack noted at failure point after test 
3?/; DR-SG-BH. Specimen failed at blowhole 
8 SP 
71/; SP-CK. Did not fail at crack noted 
2!/; DR-BH. Specimen failed at large dross inclusion 
6 DR. Specimen failed at small dross inclusion 
62/, DR 
52/3 DR. Specimen failed at dross inclusion 
52/; DR 
5 DR 
4 DR 
10?/; Failure started at a dent in the flange surface 
42/,; CP-CK. Failure followed longitudinal crack noted 
10 DR-BH. Specimen did not fail at small blowholes noted 
42/, DR-SP 
11 
52/3 DR-SG 
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X-RAY QUALITY RATING 


Fic. 10. Fatigue life vs. x-ray rating, reversed bending tests 
220-T4. 


THE EFFECTS OF VARIOUS TYPES OF CASTING DEFECTS 


From tests made during the past year on the correla- 
tion between x-ray defects and structural characteristics 
the following conclusions, corroborated by other sources, 
may be drawn. The size and location of a defect must 
be considered in conjunction with these statements. 

1. Cracks. It is well recognized that cracks have 
a serious effect on the strength properties of a casting. 
This condition is particularly critical if the direction of 
the crack is at right angles to that of a major stress but 
should be considered cause for rejection even though 
the crack is parallel with the direction of stress. 







2. Shrinkage or Channel Porosity and Segregation. 
These two defects are similar in their effect on strength 
properties. When oriented normal to the direction of 
stress, particularly if this is tension, the fatigue and 
impact characteristics are markedly reduced. Non- 
directional defects or those which are oriented parallel 
to the direction of stress are not nearly so serious. 

3. Dross and Blowholes. These defects have only 
a slight to moderate effect on the physical strength prop- 
erties of a casting unless the defects are major and/or 
located in a critical section. 

4. Pinhole Porosity. This particular defect did not 
occur often in the tests described in this report, but it 
may be stated that aside from lowering the ductility and 
decreasing the corrosion resistance, pinhole porosity is 
in general less serious than other defects with regard to 
strength characteristics. 


Static Tests MADE BY ALUMINUM COMPANY OF 
AMERICA 


This Company has carried on an extensive program 
of static testing to correlate the radiographs and struc- 
tural characteristics of castings. Through the coopera- 
tion of this organization a summary may be presented 
of the conclusions that can be drawn from this work. 
These generally corroborate those derived from the 
Lockheed experience. 

1. A properly prepared radiograph can give rea- 
sonably reliable information on the size, location, and 
identity of defects in a casting. 

2. Correlation between radiographically observed 
defects and the static strength is usually obtainable 
only when the defects lie in the zone of critical stress. 
Such correlation is qualitative and comparative. 
















X-RAY OF AIRCRAFT CASTINGS 


3. Prints of a casting marked to show the direction 
and point of application of all important loads are neces- 
sary for the development of satisfactory foundry prac- 
tice. Radiographs should be interpreted only after 
considering the service conditions so indicated on cast- 
ing drawings. 

4. Many defects, unless very extensive, should in 
most cases not be a cause for rejection if they are not 
in a highly stressed section or will not be exposed by 
machining. 

5. In order to obtain an absolute strength rating it 
is essential that the ultimate strength of each casting 
design be established by static destruction tests of a 
sound specimen and of one or more specimens of poor 
radiographic quality. Such tests constitute the indis- 
pensable yardstick for an absolute interpretation of 
radiographs. 

6. Rejection on any basis except this is arbitrary 
and difficult to justify. An exception to this is a casting 
containing cracks or pronounced shrinkage cavities es- 
pecially of a directional type. 

7. The high ratio between breaking loads obtained 
and design loads indicates the need for further refine- 
ment in design, best secured by correlation between 
physical tests and design methods. 

8. The shape of the load-deflection curve obtained 
from a static test of a casting furnishes a valuable indi- 
cation of the impact quality of the casting. 


In addition to the above conclusions, two related 
statements based on these tests and Lockheed experi- 
ence may be made. 


1. In general, because of excess strength either re- 
quired by government rulings or due to excess material 
provided by the design, castings having minor defects 
need not be rejected. It is believed that there has been 


some confusion in thinking on this point. Many years 
ago prior to any use of the x-ray technique, a 100 per 
cent margin of safety was required for castings. The 
purpose of this margin was to take care of the defects 
which were known to exist in castings. This require- 
ment is still in effect, even though the x-ray is an effi- 
cient aid in detecting and eliminating defects. It is 
obvious that there is no point in requiring perfect cast- 
ings in addition to having the 100 per cent safety mar- 
gin, since many defects would not seriously encroach on 
this margin. 

2. Another simple but extremely important point 
affecting x-ray standards of rejection and the percentage 
of inspection required is the ratio of the breaking load of 
a given casting to its normal design load. Even though 
the casting is an important structural part, if this ratio 
is high it is the writer’s opinion that 100 per cent x-ray 
is not required after development of correct foundry 
technique, and a lower x-ray quality is acceptable than 
in the case of a similar part having the minimum ratio 
of 2. 


CONCLUSIONS 


General conclusions can be summarized as follows: 

1. For certain important classes of material x-ray 
inspection is a valuable tool. Its most important func- 
tion is the creative one of aiding in the initial develop- 
ment of correct design, dies or patterns, and foundry 
technique. Its second basic function is that of main- 
taining a continuing control over foundry practice to in- 
sure maintenance of quality. It is not considered a 
suitable means for large-scale routine inspection where 
this is the only purpose served. An important ex- 
ception to this last statement is the class of vital struc- 
tural parts with a low ratio of breaking load to design 
load, which may well be x-ray-inspected 100 per cent 
until further progress is made in foundry control. 

2. Only by the setting up of comprehensive and 
carefully maintained routine controls can x-ray inspec- 
tion be effective or economical. To secure proper value 
from x-ray inspection in maintaining quality standards 
there must be a prompt follow-up on the information 
given by the control data. The cost of maintaining 
suitable controls, once they are correctly set up, is rela- 
tively small even with large production. With the 
present knowledge of foundry technique and the type 
of equipment available in the better foundries making 
aircraft castings, a practically uniform, high-quality 
product can be economically obtained if care is taken. 
It has been found that intelligent cooperation with 
foundries in the development of good castings is effec- 
tive and well received by the foundries. 

3. X-ray inspection alone has only qualitative and 
comparative value in determining the structural air- 
worthiness of parts with defects and should be inter- 
preted by means of static tests on each specific part if 
rejections and the degree of radiographic inspection re- 
quired are to be determined on an engineering rather 
than an arbitrary basis. 

4. Defects that can be revealed by x-ray have a 
marked detrimental effect on the impact and fatigue 
properties of castings, much greater than the effect on 
static strength. With skilled and careful interpretation, 
there is a reasonably good correlation between these 
properties and the quality of a radiograph. 

5. The standards for rejection by radiographic in- 
spection should be based not on the absolute value of 
the casting quality but on airworthiness considerations 
and should take cognizance of the ratio between the 
actual strength of a sound casting and its design load, 
and also whether the part is subject to unusual condi- 
tions of impact or fatigue. A definitely higher x-ray 
quality should be required for castings with minimum 
strength factors or those subject to definite impact or 
fatigue loading. Two or possibly three quality stand- 
ards should be set up, and the individual having re- 
sponsibility for rejection must know the quality stand- 
ard applicable to each casting. Parts subject to impact 
and fatigue should meet a high-quality standard. 
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INTRODUCTION 


| hes THE PAST THREE YEARS there has been increasing 
interest in the application of magnesium alloys to 
aircraft structures. In order to determine the possible 
weight saving and general suitability of magnesium 
alloys for aircraft construction, the Bureau of Aero- 
nautics and The Dow Chemical Company have co- 
operated in the design, construction, and static test of 
a wing that was directly comparable to an aluminum 
alloy structure. The preliminary static tests have been 
recently completed and an appreciable weight saving is 
indicated. This paper describes the design and test of 
the structure and makes interesting comparisons with 
aluminum. 

Following these static tests, a period of flight testing 
on several sets of wings will determine the ability of the 
magnesium to stand up under various service conditions. 
Generally speaking, the material is going through the 
same development cycle as aluminum alloys, with 
similar difficulties in forming, surface protection, etc., 
as were experienced in the early days of aluminum air- 
plane development. Service tests may indicate the 
need for modifications in detail design or improvement 
in the alloys. 

As with other experimental projects of this kind, 
some complications arose from the requirements im- 
posed by fitting the new structure to an existing one. 
The ordinary theories of stress analysis assume known 
conditions at the root of a wing where it is attached to 
the center section or fuselage. Actually, most outer 
wing panels are bolted to a center section of unknown 
and varying rigidity which in reality is a flexible founda- 
tion wherein the actual deflections of the supporting 
structure under load are unknown. In order to demon- 
strate a new type of construction or to test a new mate- 
rial, it is common practice for the Government to pro- 
cure experimental outer wing panels to attach to center 
sections of this type (see Fig. 1), and the designer is 
confronted with the problem of seeking to prove a new 
material or type of construction under extremely diffi- 
cult conditions. He must make his structure as light 
as possible and still meet the strength requirement. 
At the same time, he must not cause failure in an exist- 
ing center section to which reinforcements may not be 
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center section. 














Fic. 3. End view at root. 
added. A system of trial and error is the only method 
of obtaining a satisfactory solution to the problem. 

In this particular case the wing was designed assum- 
ing that it was attached to a foundation of infinite 
rigidity, but provisions were incorporated for adding 
reinforcements where stress concentrations became ap- 
parent during static test. Rather than applying load 
until actual failure occurred, strain gauges were used 
to determine the actual stress distribution under load, 
and suitable reinforcements were added before any 
permanent set had occurred in the structure. 


DESCRIPTION OF THE WING 


A magnesium alloy outer wing panel was designed for 
one of the North American low-wing monoplane train- 
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STATIC TEST OF A MAGNESIUM ALLOY WING 





TABLE 1 


DowMETAL Z-1 ALLOY EXTRUSIONS 





Ultimate Tensile Comp. 

Tensile Yield Yield 

Strength, Strength, Strength, Per Cent Brinell 
Lbs. /Sq.In. Lbs. /Sq.In. Lbs. /Sq.In Elong. Hardness 


Extruded bars up to 1!/2 diameter 55,000-65,000 40,000—50,000 


28,000-—35,000 


6-8 


90-95 





TABLE 2 


DowMeETAL J-1H ALLoy SHEET 


Navy Aeronautical Spec. M-111-F, Alloy 8 
Army Air Corps Spec. 11317 





Ultimate Tensile Tensile Yield Comp. 
Strength, Strength, Yield Per Cent Typical 
-———Lhbs./Sq.In.— —Lbs./Sq.In.—— Strength, ——Elong.—— Bend 
Typ. Min. Typ. Min. Lbs./Sq.In. Typ. Min. Radius 
Hard-rolled sheet to !/,in. 45,000 40,000 35,000 28,000 24,500 8 3 7t 








ers. This airplane has become well known to the in- metal J-1 hard-rolled sheet. The weight of Dowmetal 
dustry, having been first constructed in 1935. Various J alloy is 0.065 Ib. per cu.in. 

models of this airplane have been procured in large Stringer Allowable Stresses 

numbers by our government and have likewise been ex- 
ported to many foreign countries. 

The outer panel is of the conventional semimono- 
coque construction with a single main shear web located 
at 30 per cent of the chord as shown in Fig. 2. The 
center section has two shear webs with the fuel tanks 
mounted between these webs. The leading edge is 
practically nonexistent due to cutouts for the landing 
gear. The outer and center panels are joined by ex- 

: ‘ . . ; EFFECT ON R 
ternal bolting angles, and a plate rib at this point dis- PROPERTIES OF HEATING J-IH SHEET 
tributes the shear from the single web of the outer TO VARIOUS TEMPERATURES 
panel to the two shear webs of the center section Sa em = 
(Fig. 3). 

On the experimental Dowmetal outer panel, the main 
shear web consists of a tension field web of Dowmetal 
J-1 alloy attached to T-shaped flanges extruded from 
Dowmetal Z-1 alloy. The skin is cold-rolled Dowmetal 
J-1 sheet stiffened by Dowmetal Z-1 bulb angle and 
Zee extrusions. The ribs, trailing edge, and wing tips 
were hot-formed of Dowmetal J-1 alloy. The com- 
pleted wing weighed 178.95 Ibs. as compared to 219.82 
lbs. for the aluminum panel; a saving of 18.7 per cent 
in weight. 


The summary of the allowable stresses as used in 
design of the stringers is given in Table 3. It should 
be noted that the weight of this alloy is 0.068 Ib. per cu. 
in. as compared with 0.101 Ib. per cu.in. for aluminum. 
Thus, to compare these allowable stresses with those of 
aluminum, they must be placed on an equal weight 
basis; in other words, the designer may multiply the 
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The data in Tables 1 and 2 give the mechanical prop- 
erties of the magnesium alloys used in the structure. 

Dowmetal J-1 alloy was used for all sheet metal 
parts. It will be noted that this alloy obtains its prop- 
erties through cold work; hence, the application of heat 
to facilitate forming somewhat lowers the properties " 
given above. The graph, Fig. 4, shows the effect of (TimE IN FURNACE -25 MIN.) 
heating on the room temperature properties of Dow- Fic. 4. 
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stresses given in Table 3 by 1.5 to compare them with 
the allowable stresses that are now being used for 


aluminum. 


PRELIMINARY STATIC TEST 


General 


The outer wing panel was first mounted on a rigid 
jig (see Fig. 5) and tested to the design or yield load. 
The wing was then mounted on the regular aluminum 
center section (see Fig. 6) and loaded to the apparent 
yield point. In the latter test the center section was 
attached to a cradle, and a boom was attached to the 
farther side of the center section to simulate the oppo- 
site outer panel. More difficulty was experienced from 
this boom causing concentrated loads in the center sec- 
tion than with the experimental wing. 


Strain Gauges 


Method of Mounting: Huggenberger strain gauges 
were mounted, as shown in Figs. 7 and 8, to measure the 
compression strain in the extrusions independent of any 
distortion in the wing skin. A hole of sufficient size 
to clear the end of the strain gauge was drilled in the 
sheet, and a slightly smaller hole was tapped in the ex- 
trusion. A headless, No. 6 steel screw was screwed into 
the extrusion, flush with the surface, and the strain 
gauge rested on a pair of. these screws. This method 
was used to prevent the hardened end of the strain 
gauge from penetrating the surface of the softer extru- 
sion and thus causing erroneous readings. 

Accuracy: Fig. 9 shows two stress distribution 
curves obtained under identical conditions. The maxi- 
mum variation is about 14 per cent, and the general 
agreement is much closer. The method of mounting 
was such that occasionally a strain gauge would be 
moved by the shock load caused by a buckling of the 
wing skin. It may be noted that the measured stresses 
in the stringers were not at the neutral axis but at the 
surface, so that they included the secondary bending 
stresses. The readings, however, were consistent and 
could be readily duplicated, so it is felt that the method 
gave a good picture of the actual stress distribution in 
the wing. The measured stresses agreed reasonably 
well with the theoretic calcujated stresses. 


Stress Distribution 


The variation in stress distribution at the root, with 
the wing mounted on a rigid end plate as compared with 
the wing mounted on the regular center section, is of 
special interest. Fig. 10 shows the measured stress 
distribution in both cases at 60 per cent of proof load. 
In general, the rigid end plate produced a stress dis- 
tribution consistent with the calculated values, while 
the center section caused a sharp increase in the stresses 
in the center portion of the wing but lower stresses at 
the leading and trailing edges. It is of interest to 


note that the point of maximum stress remains un- 
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changed and is located 3 in. aft of the main shear web 
on the outer panel. The higher stresses at the leading 
edge, when mounted on the rigid end plate, necessitated 
reinforcements at this point which would not have been 
necessary if tested on the center section alone. 

The rigid end plate test was made first and carried to 
100 per cent proof load. The wing was then tested on 
the aluminum center section. During this test, the 
sharp increase in stress at the 34 per cent chord point 
made it evident that the structure would not withstand 
the full design load without reinforcement. Five 
stringers of approximately 15 in. in length were added 
as shown in Fig. 11, and the maximum stress was re- 
duced from 15,000 Ibs. per sq.in. to 10,000 Ibs. per sq.in. 
at 60 per cent proof load. 

These short stringers are easily added during static 
test and indicate that it is possible to produce, within 
limits, practically any stress distribution desired. 
Since the use of strain gauges during static test permits 
the designer to make reinforcements where necessary 
without waiting for actual failure, it was found to be 
much superior to the method of testing without the use 
of strain gauges. 

The stress distribution 45 in. from the root, with the 
wing mounted on the rigid jig and also on the center sec- 
tion, is shown on Figs. 12 and 13. As would be expected, 
all effects of the end condition at the root have dis- 
appeared at this point. 


Bending Deflection 


The normal deflection of both the aluminum and 
magnesium alloy wings is shown on Fig. 14. The tip 
deflection of the experimental magnesium wing under 
100 per cent proof load was 10.75 in., whereas the de- 
flection of the aluminum alloy wing under the same 
load was 8.8in. The increase in deflection corresponds 
with the decrease in structural weight. This is in agree- 
ment with theory, since, if the aluminum and mag- 
nesium wings were of the same weight, the cross-sec- 
tional area of the magnesium wing and the moment of 
inertia (}>Ay?) would be 1.555 times that of the alumi- 
num section. Since the deflection of the wing varies 
inversely as the product of the modulus of elasticity 
times the moment of inertia, the ratio of the EJ of 
magnesium to the EJ of aluminum gives the ratio of 
the deflections of the respective wings. 





6.5 & 108 & 1.555 
10.3 * 10° X 1 


ET magnesium = 


= 0.98 





El gente 


and the two structures. would have about the same de- 
flection. 
In the case of this experimental wing 


Deflection (Magnesium Wing) _ 1.29 
Deflection (Aluminum Wing) \eaeaes 





Weight (Aluminum Wing) _ 


: : : = 1.23 
Weight (Magnesium Wing) 















STATIC TEST OF A MAGNESIUM ALLOY WING 


TABLE 3—STRINGER ALLOWABLE STRESSES (SHEET-STRINGER 
PANELS) 





L T 
Stringer 7e- Allowable 
28 ,500 

. - 23.9 | 28,500 

1 ‘ 3.5 | 28,600 

J 3.3 | 28,700 

.6 | 28,900 

e el | 27,500 

27,500 
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A= 132 : 2 : : , Fic. 8. Strain gauge installation. 
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Fic. 7. Method of mounting Huggenberger strain gauge. 
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It may be concluded that the weight saving, due to 
substitution of magnesium for aluminum, will result in 
an increase of bending deflection of the same relative 
magnitude. 

It is interesting to note the variation between the 
calculated deflection and the actual deflection (Fig. 15). 
The calculated deflection was obtained from the A//EI 
curve and with the moment of inertia for various sec- 
tions being calculated in the normal manner, assuming 
30t of skin acting with each stringer on the compression 
side. On this basis the experimental deflection was 
27 per cent less than the calculated deflection at the tip. 
Similar calculations were repeated for the aluminum 
wing and approximately the same variation was noted. 
Evidently those parts of the wing that were neglected 


in stress analysis, such as the false spar, etc., contri- 
buted considerably to the bending stiffness of the wing. 

Fig. 16 shows the change in magnitude and shape of 
the deflection curve due to the addition of stringers of 
about 4 ft. in length in the middle span region. 


Torsional Deflection 


The torsional rigidity of the magnesium alloy wing as 
compared with aluminum is shown in Fig. 17. As 
would be expected, the lighter experimental wing has 
less torsional rigidity and more torsional deflection. 
The critical flutter speed was calculated theoretically 
to determine whether the decrease in both bending and 
torsional rigidity would produce a dangerously low, 
critical flutter speed. The calculations indicated that 
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since both the torsional and bending rigidity decreased 
there was little change in the critical flutter speed. 


DETAIL DESIGN 


The weight saving based on the buckling stress is 26 
per cent! for flat sheet and 20 per cent for curved sheet. 
[he weight saving based on the ultimate strength of 
flat and curved sheet is of more interest and is, of course, 
dependent upon the compressive yield stress of the 
material as well as the modulus of elasticity. 

24ST 

40,000 
10,300,000 


Material Dowmetal J-1H 
24,500 Ibs. /sq.in. 


6,500,000 Ibs. /sq.in. 


Compressive Yield Stress(acys) 
Modulus (£) 
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The weight saving for the first term is the same as 
for flat sheet (based on ultimate strength) or 18.3 per 
cent. The weight saving for the second term is the 
same as for curved sheet (based on buckling strength) 


or 20 percent. Therefore, the weight saving for curved 


A MAGNESIUM 


ALLOY WING 289 


sheet (based on ultimate strength) is between 18 and 
20 per cent. 

It is somewhat more difficult to obtain a theoretic 
value for the weight that can be saved in conventional 
semimonocoque design. Compression tests have 
shown the actual weight savings to be of a magnitude 
similar to the theoretic values for flat and curved sheet. 
It is not possible, however, to realize these entire weight 
savings in a complete assembly. The various fittings 
and items of equipment which are not changed reduce 
the percentage of weight reduction obtained. Corner 
gussets and reinforcements or doublers at points of 
stress concentration, etc., are more necessary with 
magnesium than with aluminum and some weight is 
also lost in these added reinforcements. In the case of 
the magnesium wing panel discussed in this paper, the 
weight saving of 18.7 per cent is near the top limit 
possible. 

Of equal interest with the weight-saving possibilities, 
is the utilization of magnesium and its low specific 
gravity in the design and construction of more nearly 
pure monocoque assemblies. The savings in cost, the 
added space in the structure for armament, equipment, 
or tanks, and the smooth surface obtained are all per- 
tinent considerations that indicate the desirability of 
this development. The paper previously referred to! 
described some of the earliest tests on magnesium struc- 
tures of this type. Since that time, a great amount of 
research work has been done and additional sections 
constructed and tested in the compilation of additional 
data. 
value in the further development of aircraft struc- 


tures. 


This work, still in progress, should be of great 
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The Space-Time Recorder 






F. N. M. BROWN* 


on DROP TESTING of landing gear shock absorber 
strut, wheel, and tire combinations is now prac- 
ticed in two somewhat overlapping categories. The 
first of these is the check of the design of the hydraulic 
elements of the strut together with an investigation of 
the mutual period of the strut-wheel-tire combination. 
The second is the proof test specified by the purchaser 
or desired by the manufacturer. Obviously, the only 
line of demarcation, a vague one at best, is that be- 
tween the capacity of the hydraulic elements of the 
strut to absorb and dissipate the energy of the drop 
and the capacity of the entire assembly to withstand 
the load imposed by the drop. 

The interlocking of the two categories is apparent 
when one considers that the structural design of the 
whole assembly is vitally dependent on the energy ab- 
sorption characteristics of hydraulic element. 

Inasmuch as the problem is more one of design and 
redesign of the hydraulic element than it is of simple 
proof test, it is apparent that the following data are 
desirable for the calculation of load and energy dia- 
grams: (1) the sprung and unsprung masses, (2) the 
velocities of both sprung and unsprung masses from the 
time of contact onward through the first rebound, 
(3) the acceleration of both sprung and unsprung 
masses from the time of contact onward through the 
first rebound, and (4) subsequent oscillation of both 
masses. 

The character of the data desired indicates clearly 
that some sort of space-time recorder is required, inas- 
much as this would be the only device from whose rec- 
ord might be calculated both instantaneous velocities 
for energy calculations and instantaneous accelerations 
for load calculations. 

A number of such instruments have been built. The 
first of these was designed by DePort, a Materiel Divi- 
sion engineer, and used by him in 1928. An identical 
instrument was purchased by Bendix in 1929. In this 
instrument the vertical motion of the sprung and un- 
sprung masses is transmitted through hard wires over 
pulleys to spring-loaded drums fitted with styius- 
sensitized paper in such a way that fall or rise of either 
mass causes rotation or counterrotation of its particular 
drum. The time element is imposed by a whisker head 
rotating at synchronous speed (1,800 r.p.m.) in the 
plane of two diametric elements of the drum. The 
whisker head supports seven whiskers or styli arranged 
radially at intervals of 45 deg. The omission of the 
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The time 


eighth whisker aids in track identification. 
interval between the marks made by the whiskers on 


the paper-covered drum is 1/24 of a second. During 
the drop the drums are moved axially at constant speed 
to spread the record and prevent overlapping. 

The instrument used at N.A.F. was developed at 
about the same time and also uses a mechanical linkage. 
In this case, however, a true space-time diagram is 
drawn directly by the instrument. The record paper 
is transported horizontally at constant speed (220 in./ 
sec.) and pencils or styli move in vertical guides. The 
styli are connected to, and actuated by, closed loops of 
extra flexible cable attached to both sprung and un- 
sprung masses. A complex pulley system is employed 
to direct the closed cable loops. 

In the Buffalo Plant of the Curtiss-Wright Corpora- 
tion a device resembling in principle the DePort re- 
corder is in use mainly for the drop testing of the com- 
plete airplane. In this device two record paper strips 
are drawn past the rotating stylus head by the falling 
sprung and unsprung masses through a simple cable 
and pulley arrangement. The stylus head is driven by 
a 1,500 r.p.m. synchronous motor and carries four 
styli spaced at 90 deg. The time interval between 
marks on the record is '/199 of a second. 

In the Aircraft-Automotive Division of the Cleve- 
land Pneumatic Tool Company a device designed and 
developed by J. F. Wallace has been in use since 1931. 
The loads are determined directly by means of a mag- 
netic strain gauge within a dynamometer ring mounted 
between the main sprung mass and the upper part of 
the strut. In addition, slide wire potentiometers are 
arranged between the upper and lower parts of the 
strut and between the wheel and the jig. All three 
quantities—the deflection of the ring, the relative 
motion between the two parts of the strut, and the de- 
flection of the tire—are then represented on the photo- 
sensitive element of an oscillograph. 

In 1938 the Materiel Division procured from the 
Fairchild Aerial Camera Corporation a photographic 
space-time recorder that had been designed under the 
supervision of Ralph Middleton, a Materiel Division 
engineer. This device is simply a special camera 
equipped with a long focal length lens, a device to trans- 
port the film laterally during the drop, and a disc-type 
shutter in front of the lens to provide accurate timing. 
The traces on the film are made with high intensity 
lights attached to the sprung and unsprung masses. 

In the fall of 1936 a conversation with C. V. Johnson 
of Bendix led the author into an investigation of the 
possibilities of a simple, inexpensive, photographic 








THE SPACE-TIME RECORDER 


space-time recorder. Eighteen months later the first 
recorder was delivered to the Bendix Products Division, 
followed by another, somewhat improved, in 1941. 
The original recorder is now the property of the Uni- 
versity of Michigan. The instruments are identical in 
principle. 

The recorder is provided with a 20-in. lens which 
may be racked in or out to provide scales from one- 
tenth to one-half of the full size. Behind the lens is a 
two-blade barrel-type shutter driven from a synchro- 
nous motor through a gear increaser at 7,200 r.p.m., thus 
providing 14,400 interruptions per minute. The photo- 
sensitive element is mounted on a drum 9 in. in diameter 
and 12 in. high, which is driven by a synchronous motor 
through a gear reducer so that the actual speed of the 
photosensitive element is 14.19 in. per second. The 
photosensitive material used is ordinary photostat 
paper. The photographic trace is provided by high 
intensity lights (ordinary five-cell flashlight bulbs) 
attached to the sprung and unsprung masses or to any 
portion of the system which it is found desirable to 
investigate. 

The first three space-time recorders mentioned 
above—the DePort, the N.A.F., and the Curtiss- 
Wright—depend on mechanical linkages for the trans- 
mission of the space element from the falling mass to 
the record paper. Of these, only the first is able to 
record the rebound phenomenon. All are subject to 


an inertia error which appears to be of the order of 0.1 
to 0.15 g. The error is serious mainly because of its 
unpredictable character. 

The fourth recorder mentioned, that designed by J. 
F. Wallace, is definitely more than a stride in the right 


direction. Here, the inertia error is largely if not 
completely eliminated by reducing the travel of the 
actuating element from feet to a matter of perhaps 
0.005 in. A considerable sacrifice of simplicity and the 
introduction of highly sensitive and necessarily delicate 
instrumentation are the only prices paid for excellence 
of results. 

The Materiel Division recorder has none of the faults 
of the mechanical or electrical transmission instruments 
discussed above. The inertia error is, of course, com- 
pletely eliminated. The setup time is minimum and 
the instrument may be used under almost any circum- 
stance wherein a space-time record is desired. Only the 
following points of criticism are offered. First, film 
transport is not positively synchronous, especially 
during the first part of the record; second, processing 
time of the film and print are excessive; and, third, 
both original and operational costs are high. 

The recorders now being used by Bendix Products 
Division and by the University of Michigan were de- 
signed under certain restrictions. These restrictions 
were: that the total original cost of the instrument, 
exclusive of design cost, be little more than the cost of 
any good precision camera; that the instrument be 
fundamentally simple in operation; and that the time 
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between drop and final calculation of load data be ma- 
terially reduced over that of existing recorders. The 
resulting instrument satisfies these demands. 

The cost of the instrument was materially reduced 
by the introduction of a drum to carry the photosensi- 
tive element instead of a film magazine and horizontal 
transport system. Simplicity of operation is achieved 
by a judicious grouping of controls, with the result that a 
half day’s instruction enables practically anyone to 
turn out a thoroughly satisfactory space-time record. 

The third requirement, a reduction in time between 
drop and final calculation of load data, is achieved 
mainly by the use of paper instead of film as the photo- 
sensitive element. This naturally eliminates the usual 
intermediate step of making the print from the original 
negative. A seasoned operator is commonly able to 
place the completed space-time record on the drafting 
table in less than 15 min. from the time of the drop. 
Subsequent calculation up to and iricluding maximum 
load requires less than one hour. ; 

An examination of this type of space-time recorder 
for sources of error immediately reveals a number of 
possibilities. The first of these is the matter of paper 
shrinkage. The writer’s own limited investigation of 
photographic paper reveals that the average magnitude 
of the error is in the neighborhood of one-quarter of 1 
per cent. Some variation is noted and it appears to 
run from zero to one-half of 1 per cent. Obviously, an 
error of this magnitude is not important when one 
considers that personal errors of the nature of 1 per cent 
occur in the calculation of the results from the photo- 
graphic tracing. In practice the error in the space 
dimension of the record due to the paper or film shrink- 
age is completely eliminated by making a first run with 
all lights on the strut burning. This, of course, imposes 
on the photosensitive element two or more horizontal 
tracings whose distance apart can be measured accu- 
rately and can be compared with the actual spacing of 
the lights themselves. Thus, the scale may be deter- 
mined by direct measurement, eliminating any possi- 
bility of changes during the development and drying 
processes. It is also possible to eliminate the time 
error due to the shrinkage by replotting the record, inas- 
much as the segments of the trace represent a definite 
length of time irrespective of their own actual length 
on the record. 

Another apparent fault usually 
criticism of this type of recorder is that the photosensi- 
tive element is not flat; instead it presents a curved 
surface to the light images transmitted by the lens. 
Because of this it would seem that any lateral displace- 
ment of the light source on the strut from the center of 
the camera field would cause considerable space scale 
error due to the increasing distance of the photosensitive 
element from the lens. Actually, this error is extremely 
small, as is shown by the following examination: 

Assume that the recorder is set up for '/, scale and 
that the object light on the strut has been displaced 
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laterally a distance of 4a in. from the center of the 
camera field. This would result in a displacement of a 
in. of the image on the focal plane. The distance, h, 
from the focal plane to the surface of the drum measured 
along a line parallel to the lens axis at the distance a 
from the line of tangency of the focal plane and drum 
surface is given by the expression: # = R vers 6 
where R is the radius of the drum and @ = arc sin (a/R). 
Then, setting a = lin. and R = 4.5in., h = 0.11 in. 
At 1/4 scale the distance from the equivalent focal 
center of the lens to the image is 25 in., the distance 
from the same point to the object is 100 in., and the 
following ratio is true: 
25 _ image distance _ 





1 
100 object distance 4 


Now, if the image distance is increased by 0.11 in. and 
the object distance remains the same, the scale will 
change from 1/4 to 1/3.93. This represents a change of 
two in 400 or one-half of 1 per cent at a full 4-in. lateral 
displacement of the strut light from its proper place in 
the center of the camera’s field. This error, small as it 
is, tends to increase the space dimension and, therefore 
the slope of the trace and results in slightly greater 
calculated accelerations and loads than actually exist. 
The error is, thus, conservative. 

A second source of error, of greater magnitude than 
the first, is the horizontal distortion (lengthening) of 
the segments of the trace due to the angularity of the 
photosensitive element to the focal plane that occurs 
when the image is displaced to a drum element other 
than the one in the vertical plane of the lens axis. The 
following examination shows the magnitude of this 
error: 

The angle that the tangent to drum surface makes 
with the focal plane is identical with the angle @ men- 
tioned in the previous examination. Thus, 


L’ = L/cos 6 


where L’ = new length of trace segment 
L = undistorted length trace segment 
6 = arc sin (a/R) 


Evaluating, 


L = 0.0591 in. (representing !/24 of a second) 
6 = arcsin (a/R); a= 1; R= 4.5 
cos 6 = 0.975 


And 


L’ = 0.0591/0.975 = 0.0606 
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The change in length or distortion is 15 in 600 or 
21/2 per cent. This error in the time scale due to dis- 
placement of the image 1 in. to the right or left of the 
centerline of the drum is considerable when the slope of 
the trace is measured directly on the original record, 
but it is completely eliminated by a replot of the space 
time record using the precise timing afforded by the 
shutter. 

The treatment of error magnitude above has assumed 
that the motion of the mass lights is vertical and that 
the lights have simply been placed to one side of the 
center of the camera field. Actually, this off-center 
location of mass lights is never done in practice unless, 
due to angularity of the strut axis, the unsprung mass 
light must move horizontally as well as vertically during 
the drop. 

In this case the lower light is placed a sufficient dis- 
tance to. one side of the center of the camera field so that 
when the strut collapses during the drop this light will 
move to the approximate center of the camera field. 
Thus the distortion will be at a minimum during the 
period of maximum accelerations. In any event the 
maximum magnitude of the errors is the same whether 
the lights are deliberately placed to one side of the 
camera field or whether they move across it during the 
course of the drop. 

Actual horizontal motion of the unsprung mass light 
is detectable on inspection of the record. Depending 
on the direction of rotation of the drum, the trace seg- 
ments will be shortened or lengthened. It is possible to 
calculate the amount and quality of this horizontal 
motion, but it is an extremely tedious process involving 
minute mensuration. A second camera with a station- 
ary photosensitive element and a shutter synchronized 
with that of the main recorder would permit easy and 
rapid examination of the motion of the unsprung mass 
that is perpendicular to the strut axis in the rare case 
that it is needed. 

The writer is convinced from the foregoing descriptive 
material that the photographic type space-time re- 
corder is superior to other types. A summary of the 
reasons for this belief seems desirable. 

The first reason, and perhaps the most important one, 
is that the recorder is not bound to any particular jig, 
installation, or purpose. It may be used any place 
that a space-time record is desired under any existing 
natural light conditions. Second, the overall time con- 
sumed in setting it up, taking the record, and calculating 
the final data is comparatively short. Last, the instru- 
ment, in spite of its ruggedness and simplicity, is capable 
of accuracy at least equal to that of any other recorder. 














Optimum Time of Delay for Parachute 
Opening 


W. A. WILDHACK 
National Bureau of Standards 


SUMMARY 


The opening of a parachute subjects the parachutist to sudden 
accelerations, varying as to their peak magnitudes approximately 
with the square of the speed. The peak accelerations for an air 
speed of 120 m.p.h. at the time of opening are 4-6g—uncomfort- 
able for the parachutist but supportable both by him and the 
parachute. Openings at excessively high speeds may result 
in shocks of such magnitude as to cause immediate injury or 
tearing of the parachute. 

It is shown that for any (horizontal) launching speed the veloc- 
ity of a parachutist falling with parachute closed will pass through 
a minimum—less than either the launching speed or the terminal 
speed. The time between launching and the occurrence of the 
minimum speed is clearly the optimum time of delay for opening 
the parachute with as little shock as possible. 

Formulas are derived relating the magnitude of the minimal 
velocity to that of the launching velocity and to the angle of the 
trajectory at which the minimum occurs. The time interval be- 
tween the launching and the occurrence of the minimum speed is 
determined from step-to-step computations for various launching 
velocities. 

Charts are given for graphic determinations of the optimum 
time of delay, the velocity and the distance fallen at any time be- 
fore opening for various launching velocities. 

The formulas and charts are derived in general form, making 
them equally applicable to problems of landing material as well 
as personnel by parachute, given only the terminal velocity (or 
the mass and the drag at a given air speed). As one example 
values obtained for an average parachutist (terminal velocity 160 
ft. per second), launched with a horizontal velocity of 160 ft. per 
second, indicate that a minimum speed of 125 ft. per second will 
be reached after 2.8 sec. when the direction of falling makes an 
angle of 35 deg. with the horizontal and the vertical distance 
fallen is about 120 ft. The opening shock for the optimum delay 
would be approximately (125/160)? or 61 per cent of what it 
would be for immediate opening or for opening delayed more than 
12 sec. Even for a launching velocity of 500 ft. per second, the 
opening shock may be reduced to 80 per cent of the value for ter- 
minal velocity by opening the parachute at the proper time— 
after 7 sec. for the average parachutist. 

It is shown that the effect of altitude is to lengthen the optimum 
time of delay for a given indicated air speed at launching, the sea- 
level value having to be multiplied by the square root of the den- 
sity ratio. 


INTRODUCTION 


* Se DISCOMFORT AND SHOCK associated with the 
opening of a parachute are second in magnitude 
only to those encountered upon landing. At the open- 
ing the speed of the parachutist is reduced by 100 to 
200 ft. per second in a matter of 2 or 3 sec. The accel- 
erations produced are not uniform throughout this in- 
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terval and the peak values may be several times the 
calculated average. While the parachute harness is 
designed to spread the forces over a large surface of 
the body, the jerk is nevertheless painful at best. At 
the worst, the shock may injure the parachutist di- 
rectly or cause the parachute to tear, with disastrous 
results only slightly postponed. 

Since the opening shock depends on the parachu- 
tist’s air speed at the time of opening, it is good prac- 
tice in launching parachutists to slow the aircraft to as 
near stalling speed as possible. If, then, the parachute 
is opened before the speed of fall has increased to its 
terminal value, the shock of opening is minimized. 
This common-sense practice is well suited to exhibition 
jumping. In emergency jumps and paratroop landings, 
however, it may often be neither possible nor even de- 
sirable to fly the aircraft at low speed. It is therefore 
worth while to investigate the possibility of reducing 
the opening shock for the conditions of high-speed 
launching. 

For horizontal launching it becomes clear, upon re- 
flection, that for some launching speeds—e.g., hori- 
zontal launching speed equal to terminal vertical veloc- 
ity—the parachutist’s air speed will at first decrease, 
then increase again. Just how much the speed will de- 
crease and whether a minimum will occur for all launch- 
ing speeds are not apparent without some mathematical 
analysis. It is, however, obvious that the time of mini- 
mum velocity is the most favorable time for release of 
the parachute. 

It is the purpose of this paper to demonstrate mathe- 
matically the existence of these minimal velocities and 
to determine their magnitudes for various launching 
velocities, the times of their occurrence after launching, 
and at what part of the trajectory they occur. 


BALLISTIC FORMULAS 


A parachutist launched from an airplane and falling 
through the air before opening his parachute is, in ef- 
fect, a projectile. The trajectory may be calculated 
using the gravitational and aerodynamic laws applic- 
able to the trajectories of bullets or bombs. For ac- 
curate calculation of such trajectories one must take 
into account not only the variation of the air resistance 
with velocity and with the attitude of the body with 
respect to the trajectory but also with the air density 
(or altitude) and even the variation in the value and the 
direction of the force of gravity along the flight path. 
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For our present purpose such refinement is, of course, 
entirely needless. The coefficient of aerodynamic re- 
sistance of the parachutist may vary by a factor of 
two or more between the extremes of position—head-on 
and broadside to the wind—and the parachutist may 
tumble during the fall. 

It seems best, therefore, to simplify computations by 
omitting refinements. However, the results will be 
presented in a generalized form which may easily be ap- 
plied to any object or parachutist once the aerodynamic 
characteristics are determined—by wind tunnel tests 
or by free fall experiments. 

It is convenient to use as parameters: \, 7, ¢, instead 
of the usual variables », ¢, s. These parameters (see list 
of symbols for definitions) are the usual variables di- 
vided by appropriate functions of V;, to make them di- 
mensionless. 


List OF SYMBOLS 


= air speed; V;, Vy, horizontal and vertical components 
launching velocity 

= final, or terminal, velocity 

minimum velocity 

V/V;, a velocity parameter; Xo = Vo/Vy, Xm = Vm/Vy 
time 

t + (V;/g), a time parameter 

distance 

s + (V/#/g), a space parameter 

acceleration 

acceleration due to gravity 

coefficient of aerodynamic resistance 

air density 

air resistance, or drag of the falling object 

= angle between horizontal and tangent to trajectory 


x<<-<c < 
wo 
uu t tan nt 
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The Terminal Velocity 


Over the range of speeds of interest for parachuting, 
the air resistance varies as the square of the air speed 
and as the density of the air. It may be expressed as 


R = kpV? (1) 


where & is a characteristic of the falling body, the re- 
sistance coefficient, which varies with the orientation 
of the falling body, its size and shape. 

The terminal velocity of a falling object is that veloc- 
ity for which the air resistance is equal to the pull of 
gravity, or mg. For this condition, R = mg, and V = 
V;, so that 





k = mg/pV? (2) 
and the resistance may be expressed as 
R = mg(V/V;)? (3) 


The terminal velocity of a parachutist falling with 
parachute closed depends on the size, weight and cloth- 
ing of the parachutist, size and location of the pack, and 
on the position taken by the parachutist, as well as on 
the air density. It is therefore not a definite constant, 
even for a given individual. However, for an individual 
falling in a definite manner (head-on to the wind, for 












instance) it may be considered as a constant over a 
short range of altitudes. 

In a series of experiments made by the Air Corps! in 
1928, the terminal velocity of a 180-lb. man-size dummy 
falling with parachute pack was found to be about 120 
m.p.h. (176 ft. per second). Determinations have also 
been made by timing delayed opening jumps. Values 
computed from data obtained abroad are given by Ver- 
duzio,? ranging from 175 to 155 ft. per second, depend- 
ing on conditions of falling, with 157 ft. per second (48 
m/s) taken as the average. 

Gratzy® gives curves for graphic computation of the 
terminal velocity of parachutists and states that ex- 
perience gives 164 ft. per second (50 m/s) as an ap- 
proximate average of V; These values are for sea 
level; at higher altitudes the terminal velocity is 
greater. 

In what follows, the resistance coefficient, k, is as- 
sumed to bea constant. This is equivalent to assuming 
that the orientation of the falling object or parachutist 
remains the same with respect to the direction of motion. 

The terminal velocity will then be nearly constant 
throughout the initial part of any one jump. An 
average value of 160 ft. per second at sea level is taken 
for the purpose of example. 


Solution of Force Equations 


Referring to Fig. 1, which shows the direction of the 
forces acting and their relation to the trajectory, the 
normai and tangential force equations are 


mV(d6/dt) = mg cos 0 (4) 


\ 


m(dV/dt) = mg sin @ — kpV? (5) 








x— 





Fic. 1. Diagram of forces acting on a falling body. 


There are two methods of solving these equations for 
V and @ in terms of ¢. In the first method, the equa- 
tions are used directly by substituting the initial values 
of V and @ and computing AV and Aé for some small 
value of At, substituting new values of V and @ and 
computing again, etc. This is quite generally used in 
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ballistics (e.g., reference 4), often with rectangular co- 
ordinates rather than normal and tangential (e.g., ref- 
erence 5). 

In the other method (reference 6) an expression is 
derived relating V and @ explicitly; values of Af are 
then computed for increments A@, using the values of V 
obtained from the formula. While both methods re- 
quire step-by-step calculations, the latter is better 
suited to the present purpose and will be followed, but 
in a generalized form. 

Substituting \ = V/V; and r = ¢ + (V;/g) and re- 
placing kp V? by its equivalent mg(V/V;)? in Eqs. (4) 
and (5) these equations become 


\(d0/dr) = 
d\/dr = sin 6 — )? 
Dividing Eqs. (5a) by (4a) 
(d\/d@) cos 6 = Asin 6 — 3 


cos 6 (4a) 


(5a) 


(6) 
or, since \ cos @ = A, 
d,,/d@ = —X*,/cos’ 6 (7) 


which upon integration gives 


(1/A,)? = sec 0 tan 6 + log, (sec @ + tan #) + C 


(8) 
When @ = 0, A, = Ao, so that for horizontal launching 
A, = [(1/Ao)? + log, (sec @ + tan 0) + sec 0 tan 6] ~'”* (9) 


This equation permits the determination of A, as a 
function of @ and X». Corresponding values of \, and 
\ may be readily obtained by multiplication by tan 6 or 
sec 0. 

Unfortunately, the time variation of \ or of @ does 
not permit similar analytic expression but requires 
summation. From Eq. (4a) 


dr = )d6/cos 0 = X,, sec? 0 dé (10) 


r= Si’ Xr, sec? 6 do (11) 


The spacelike parameters, o, and o,, may also be ob- 
tained by summation: 


on = Si" Nedt = Sr d,2 sec? 0d0 (12) 
oy = Sy” dr = ft’ d,2 sec? 0 tan 6d (13) 


Eqs. (9), (11), (12), and (13) suffice for working out 
the complete trajectory of an object or parachutist 
launched from a horizontally moving aircraft. In work- 
ing out the step-by-step computations, the variation 
of V; with altitude (i., with air density) should 
theoretically be taken into account. This factor is of 
great importance in determining bomb trajectories but 
may safely be neglected in the determination of the 
minimum speeds of parachutists, since they will be 
found to occur, in general, before the vertical motion 
¢an account for a change of more than a few per cent 
in the air density. 
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While the equations given above are sufficient to solve 
the trajectories for the assumed conditions, it will be 
instructive to explore them further and to investigate 
several limiting conditions or special cases before pro- 
ceeding with numerical computations. 


Trajectory Angle at Minimum Speed 


From Eq. (9), the expression for \ (along the trajec- 
tory) is 


= sec 6[(1/o)? + log, (sec 6 + tan @) + sec 6 tan 6] ~'” 
(14) 


By differentiating with respect to @ and equating to 
zero, the relation between @ and \» for minimum \ (6 = 
Om, \ = A,»,) is found to be 

(1/0)? = cos 8,, — log,(sec 6,, + tan 6,,) (15) 
Inspection indicates that this equation will always have 
a solution for any Xo, since the first term on the right 
decreases from to 1, and the second term increases 
from 0 to © for increasing 6,,,. 

This equation is therefore a proof of the existence of 
an extreme (a minimum, of course) in the speed for 
every horizontal launching velocity. It is of interest to 
note that the minimum exists even for the special case 
of infinite (!) launching velocity. Actually, for veloci- 
ties above that of sound the aerodynamic resistance 
varies as a power of the velocity greater than two, 
which was assumed in the derivation. The minimum 
will still exist, however. 

The equation is solved most easily (avoiding tran- 
scendental equations) by computing » as a function of 
a 

The relation between \» and 8,, is plotted as curve I 
in Fig. 2. In order to give an indication of the magni- 
tude of the velocities involved, a second scale of ordi- 
nates is included showing the velocity in feet per second 
corresponding to the values of 4, when V; = 160 ft. per 
second (i.e., V;/g = 5). Also, the angle coordinate is 
given in degrees on an auxiliary scale. 

To get the minimum values of A, Eq. (15) is substi- 
tuted in Eq. (14). There results 


X;, = (sin 8,,)'”? (16) 
This relation is also plotted in Fig. 2 as curve II. 

For any value of Xo, curve I determines the value of 
6,,, and the value of \,, corresponding to @,, is read from 
curve II. The reduction in speed—i.e., the difference 
in the ordinates—is appreciable even for fairly low val- 
ues of \o, while for values of \y) > 1 the importance of the 
minimum is shown by the fact that it is significantly 
less than unity. 

If desired, an expression relating \,, and Xo directly 
may be obtained by substituting Eq. (16) in Eq. (15): 


l 1 + A,,? . 
alt log, ( *2s) (15a) 
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Opening Shock 

In order to evaluate the reduction in opening shock 
made possible by optimal timing of the parachute re- 
lease, it would be necessary to know in what manner the 
shock depends on the speed at the time of opening. 
Experiment is probably the best way to determine this; 
any theoretic analysis must start with some assumption, 
and the choice of assumptions is wide. 

The scanty published data®’® indicate that 
opening of a parachute has elements of different modes 

a dependence on distance to start filling the canopy, 
then a rapid completion of opening—both phases being 
somewhat modified by inertial factors that extend the 
time required. Two maxima of nearly equal magni- 
tude occur in the acceleration-time curve during the 
The consensus seems to be 


the 


opening in the usual case. 
that the maximum force is roughly proportional to the 
square of the speed, at least over the range which is of 
interest here. 

The human parachutist is not subjected to quite the 
same shocks as a test weight would be because the body 
has a certain compressibility and acts as a shock ab- 
sorber. The efficiency of the human body in this 
respect is indicated by Richard’s statement® that ac- 
celerations of 7—1lg on a test weight correspond to only 
4—6g on a human for the same opening speed. How- 
ever, experiments with a rigid test weight give the best 
indication of the loads that may occur and must be as- 
sumed in design. 

On the assumption that the shock load at opening is 
proportional to the square of the speed, curve III in 
Fig. 2 shows the ratios of the shock loads encountered 
for optimum delay to that which would result for open- 
ing at the terminal velocity. This ratio is (V,,/V;)? = 
Am?, Which, from Eq. (16), is also sin @,, for horizontal 
launchings. 

As anexample: Entering the chart at the left with a 
launching velocity of, say, 240 ft. per second (Ay = 
1.5), the intersection with curve I gives the angle at 
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Fic. 2. Launching velocity ratio, \> (or velocity V) against 
trajectory angle 0m, for which speed is a minimum. The}Am, 
curve shows the magnitude of the minimum velocity ratio (or 
velocity). The \»? curve indicates the magnitude of the opening 
shock relative to that which would be encountered for \ = 1. 
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which the minimum velocity occurs as 0.8 radian (4 
deg.). The value of the minimum velocity is given by 
the ordinate of curve II for this angle, V,, = 130 ft 
per second (\,, = 0.85). The ratio of the openin; 
shock for this speed to that for the terminal velocity i 
given by the ordinate of curve III for the same angle as 
0.72 (Aa? = 0.85* = 0.72). 

The ratio of the opening shock at the minimum speed 
(optimum delay) to that which would be encountered 
for immediate opening (no delay) is, in this example 
(Am, /Ao)? = 0.32. 


RECTILINEAR MOTION IN A RESISTING MEDIUM 


An assumption often made in approximate estima- 
tions of trajectories is that the horizontal and the ver- 
tical motions are independent. While this is a con- 
venient aid on occasions, it is logically inadmissible 
except when the resistance is a linear function of the 
speed. For aerodynamic problems where the resistance 
is usually a power function of the speed, the assumption 
may give only a rough approximation to the true mo- 
However, it is desirable to indicate here the for- 
first, be- 


tion. 
mulas for independent rectilinear motions: 
cause they are useful (when used cautiously) in shorten- 
ing the amount of work on step-by-step computation; 
second, because the problem of the trajectory of a para- 
chutist has been treated on this basis;? and, finally, 
because a consideration of the weaknesses of this ap- 
proximation will aid in a clearer understanding of the 
exact equations. 
Vertical Motion: 
velocity, Eq. (9) breaks down. 


In the special case of zero initial 
The force equation is 


(20) 


m(dV,/dt) = mg — kpV,? 


dx,/dr = 1 — 3,’ 
which integrates to give 
A, = tanh er (22) 
This may be integrated again; there results 
(23) 


a, = log, cosh r 


Horizontal Motion: Since the vertical motion is to 
be neglected here, the condition is the same as though 
there were no effect of gravity. The force equation is 
then merely 


m(dV,/dt) = —kpV,? (24) 


dx,/dr = —d,? 
So that 


. [(1/Ax) — (1, o)] 


Ax = Ao/(1 + Aor) 
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and 
0, = log, (Xo d) = log, (Aor al 1) (28) 


Analysis of Approximation: <A consideration of the 
forces acting will show the error involved in the assump- 
tion of independent motions. For generality, let the air 
resistance be designated only as a function of V; 1.e., 
R=f(V). Then, obviously, 


R, = f(V) cos 6 
R, = f(V) sin 6 (30) 


(29) 


If horizontal and vertical motions are assumed to be 
independent, the equations must be written: 


R, = f(Vs) 
R, = f(V,) = f(V sin 6) 
For these pairs of equations to be equal, we must have: 


f(V cos 6) = f(V) cos 0 (33) 


(31) 
(32) 


= f(V cos @) 


and 
(34) 


f(V sin 0) = f(V) sin 6 


Only if f(V) = KV are Eqs. (33) and (34) correct. 
f(V) = KV’, they are clearly wrong, since 


For 


KV? cos 0 = K(V cos @)? (35) 


is not true except for 6 = 0, and 
KV? sin @ = K(V sin 6)? (36) 
is not true except for 6 = 7/2. 

In this analysis a constant value has been assumed 
for k, appropriate to the orientation with respect to 
motion along the trajectory. 

The question may be asked whether different values, 
k, and k,, should not be used for the two directions 
when treating the two components of motion as inde- 
pendent. 

Eqs. (33) and (34) can, in fact, be satisfied by taking 
k, = ksec@ and k, = k csc 6, but the agreement is still 
only fortuitous even with such physically meaningless 
assumptions. 

When @ is small (cos @ ~ 1), however, Eq. (35) or 
Eq. (31) is an acceptable approximation; likewise, when 
6 ~ 2/2, Eq. (36) or (32) may be used. Therefore, it 
is permissible to use Eqs. (26) and (28) for the first 
part of the motion after launching. When @ becomes 
appreciable, R, becomes greater than Eq. (31) would 
indicate and V, decreases more rapidly. At the launch- 
ing R, is much greater than Eq. (32) would indicate, 
and therefore Eqs. (22) and (23) are in error. Even 
for 0 ~ 2/2, Eq. (23) will be off by the amount of error 
accumulated along the earlier part of the trajectory. 
The magnitude of the error in these equations will be 
incidentally shown in a later section. 


Minima from the Approximate Equations 


In the curves of velocity against time which were pub- 
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lished (without derivation) by Verduzio? no minima are 
shown. This occasions inquiry as to whether the ap- 
proximation (assuming independent x and y motion) is 
so poor that it fails to disclose the minima, since the 
equations he used in obtaining the trajectory were the 
equivalent of Eqs. (22) and (26). Omitting mathe- 
matical details (the investigation proceeds from the 
expression for the resultant velocity as the vector sum 
of V, and V, through differentiation to awkward tran- 
scendental equations for both first and second deriva- 
tives), the results of a cursory examination may be sum- 
marized. 

A minimum is found for values of \») up to 3, not for 
higher values. The minimum is not a true minimum for 
values of \) above 2, approximately, being actually 
greater than 1 (velocity several per cent greater than 
V;). Also, whenever there is a minimum, in all cases 
it is apparently followed by a maximum and then by a 
decrease of \ toward the final value of unity. The val- 
ues obtained for \ at the minima are thus generally in 
poor agreement with the true values, although for \y < 1 


the approximation is fairly good. 


TRAJECTORY COMPUTATIONS 


In order to obtain a more complete picture of the 
trajectory and the variation of the velocities with time 
after launching, step-by-step computations were made. 
Values of \ were computed, for various \o, as a function 
of 6, then the increments of time and distance corre- 
sponding to the increments of 6 were obtained, and, 
finally, these increments were summed to obtain the 
elapsed time and distance traveled. Most of the equa- 
tions necessary for this work have been developed 
above. The work is conveniently done in tabular form. 

On one sheet were tabulated values of 6, from 0 to 
1.55 radians by steps of 0.05 radian, and the corre- 
sponding values of sec 0, tan 0, sec @ tan 0, sec @ + tan 
6, and log (sec 6 + tan @). Then on other sheets, one 
for each Xo, were entered columns of \, (from Eq. (9)), 
Ay (= A, tan @), AX (= A, sec @), Ar (from Eq. 10), 7, 
Dens Cx, Diy; Cy: 

For the smaller values of \», the Ar values were com- 
puted from Eq. (10) for the values of \ corresponding to 
the tabulated value of @. In summing, only half the 
first value (9 = 0 to 6 = 0.05) was used, so that the 
values obtained for 7 and o, and o, applied to the mid- 
point of the @ intervals, i.e., @ = 0.025, 0.075, ete. 

For the larger values of \o, for which \ varies rapidly 
with @ at first, the value of r was computed from Eq. 
(26) for \ corresponding to @ = 0.15 (A < 2). Half the 
value of Ar for the next interval was taken, then the 
summing proceeded as before to obtain 7 and o values 
corresponding to the midpoint of the @ intervals. The 
values of o, to @ = 0.15 were obtained by Eq. (28). 
Values of o, to @ = 0.15 for these higher values of Ao 
were approximated as follows: 


oy= Sr, dr = f X\sinOdr= frOdr (37) 
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By Eq. (4a) dr = d dé (cos @ = 1) and from Eq. (25) 


dr = —d/d*; so that 
do = —dd/d*; and @ = 1/2(1/A2 — 1/2) (38) 
Therefore 


oy = "/o fy (1/do? — 1/d*) dd/d = 
1/4(1/A? — 1/Xo2) — (2/22) log, Ao/A (39) 


It is of some interest to compare this expression with 
that which would be obtained if the motion in the y 
direction were assumed independent of the velocity 
in the x direction. This may be deduced from Egs. 
(23) and (26) as 


log, cosh rt (40) 


= log, cosh (1/A — 1/Xo) 


From \») = 5 toA = 2, Eq. (40) gives y = 0.0442, while 
Eq. (39) gives y = 0.0342, nearly 25 per cent less. The 
comparisons between i, and o, for vertical fall and ), 
and ¢, for various values of \o are shown later in Figs. 
5 and 6. 


Oy 


Charts 


The computed data are presented graphically. 

In order to give an immediate indication of the ap- 
proximate velocities, times, and distances that would 
apply for parachutists with standard equipment, auxili- 
ary coordinate scales are included on all of the charts. 
For the typical case V; is taken as 5g (= 160 ft. per 
second); ¢ in seconds is then equal to 5r; distances in 
feet are related to the o values by the factor V,;*/g = 
800. The X, 7, o scales make the curves general; to get 
velocities, times, and distances in any particular case it 
is necessary to know only the aerodynamic characteris- 
tic V; (or the mass and the resistance coefficient k). 

Fig. 2, already discussed, shows the trajectory angle 
6,, where X,, occurs for any Xo, the corresponding values 
of X,, as given by Eq. (16), and X,,”, which is the ratio 
of the opening shock for minimum speed to that for 
terminal speed, assuming that the shock varies as the 
square of the speed at opening. 

In Fig. 3 are shown the values of \ plotted against the 
values of r determined by the step-by-step computation 
for the various launching velocities. This chart shows 
the minima and also shows that the minima are fairly 
flat—i.e., the optimum times for opening are not ex- 
tremely critical. 

While the assumed square law of resistance holds only 
for velocities less than sonic (Ay < 5 for the assumed 
typical vaiue of V;), curves for infinite launching speed 
derived on the square law assumption are shown in the 
charts as an indication of the limiting case 

It may often be desirable to delay the opening some- 
what longer than the optimum time for low opening 
shock in order to have the opening occur at a steeper 
angle, thereby rcducing the pendulous swinging which 
occurs after the opening 





OF THE AERONAUTICAL SCIENCES—JUNE, 





1942 



































 320/2 - 
Kw | 
Oo A= 
: | 
+ 240H5 ) 
g |] SRA 
{@) < 

- N | 
2 |60H9 N 

S Xeo®! ES 
ht 

7) Ao O. 

a 80105 7 

WW 

os peso) 

la 

u Oo 5 fe) 15 210 
rm Lt | 








25 5.0 75 10. 
t= SECONDS, FOR V¢= 160 FPS 


Fic. 3. Variation of velocity with time after launching, for 
various launching velocities (or velocity ratios). 


The treatment given in terms of X, 7, and oa is valid 
for all altitudes; but since V; at higher altitudes is re- 
lated to the value at sea level by the relation 


(41) 


the actual velocities, times and distances at higher alti- 
tudes, V, ¢, s, will be related (for the same Xo) to the 
values they would have at sea level, V,, i,, S,, by the 
equations: 


pV? = psV;.2; or Ve = Vys(p5/p)”” 


V = V,(0,/p)'” (42) 
t = t,(p,/p)" (43) 
S= S;p;/p (44) 


It may be noted that the correct value of Xo is given 
at any altitude by the ratio of the indicated air speed to 
the sea-level value of V;. 

While the value of Xo is easily determined at any alti- 
tude, as just mentioned, the optimum delay time is a 
function of altitude (air density) as indicated by Eq. 
(43). The multiplying factors of Eqs. (42), (43), and 
(44) are listed in Table 1 for various altitudes (U.S. 
Standard Atmosphere). 

Fig. 4 is a chart similar to that of Fig. 3 except 
that only the x components of \ and V are plotted. 
It is clear that when ), is small it will decrease more 
rapidly if combined with a large \, than when not so 
combined, for the same reason that X, is affected, es- 
pecially at the launching, by },._ To show this graphi- 











TABLE 1 

Altitude, Ft. (0,/p)'/* ps/p 

0 1 1 
5,000 1.08 1.16 
10,000 1.16 1.35 
20,000 1.37 1.88 
30,000 1.63 2.57 

2 4 


40,000 


.02 


.08 
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Fic. 4. Variation of horizontal component of velocity with 
‘time after launching, for various launching velocities. The dotted 
curves indicate how the horizontal velocities would decrease if the 
horizontal motion were not affected by the vertical motion. 
Crosses show the points of minimum velocity. 


cally, extra curves are plotted (dashed lines) showing 
the decrease of \,, with 7 (or V,, with #) in the absence of 
gravity (Eq. (27)). 

The more rapid decrease of V, as V, increases has a 
consequence that is important for accurate “‘spotting”’ 
of the landing when the major part of the fall is with 
parachute closed. In this case the horizontal distances 
traversed while falling are much less than those given 
by Verduzio? computed from the approximate Eq. 
(28). A more exact investigation of the nature of the 
complete trajectory would be worth while, but in this 
paper it is not of paramount interest, since the mini- 
mum velocity occurs in the first part of the path. 

For spotting the landings when opening occurs near 
the optimum time, it will suffice to compute the hori- 
zontal distance traveled between launching and opening 
by the approximate formula, Eq. (28). The further 
horizontal motion during the opening is probably to be 
determined most easily by experiment; after opening 
there will be practically no further horizontal motion 
due to the launching, but side wind is then nearly 
100 per cent effective. 

The horizontal velocity at launching has an appreci- 
able effect on the initial rate of fall, as shown in Fig. 5, 
which is again similar to Fig. 3 except that here the y 
components of velocity are plotted against 7. For com- 
parison, the curve for vertical fall (Aj = 0) is included. 

The distance fallen, ¢, (or y for the typical case), is 
plotted in Fig. 6 as a function of time for various launch- 
ing velocities. The crosses indicate the positions at the 
time of minimum velocity. The circles on the curves for 
the higher launching velocities show where \ = 1 (V 
= Vp. 

It is apparent that a drop of less than 600 ft. is suf- 
ficient to reach the minimum velocity at the highest 
horizontal launching speeds, while a speed corresponding 
to \ = 1 is reached while dropping less than 300 ft. 
The minimum safe altitude for high-speed horizontal 
launchings is greater than these values by the amount 
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Fic. 5. Variation of the vertical component of velocity with 
time after launching, for various launching velocity ratios. The 
dotted line is for fall in a vacuum. Crosses show the points of 
minimum velocity. 
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Fic. 6. Distance fallen, against time after launching, for 
various launching velocities. The crosses show the points of 
minimum velocity; the circles the points where \ = 1(V = Vy). 
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Fic. 7. Launching velocity against the times of occurrence of 
minimum speed, Am, and of 1.02 \,, before and after the mini- 
mum. 


necessary for opening and, preferably, by a further al- 
lowance for oscillation to decrease. 

The values of r for which X,, occurs, taken from Fig. 
3, are plotted against \» in Fig. 7. To indicate again the 
widths of the minima, curves are included showing the 
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times for \ 2 per cent greater than X,, both before and 
after the minimum. 

In the general case of launching at an angle to the 
horizontal, minimum velocities will always occur for 
upward angles and, sometimes, for downward angles. 
An exact analysis can be made by generalizing the ini- 
tial conditions of Eq. (8), but the details need not be 
given here. 

For upward angles of launching, the preceding curves 
will apply to the descending part of the trajectory, with 
the velocity at the top of the trajectory taken for o. 
It is obvious that the velocity at the top of the trajec- 
tory will be less than the launching velocity and that 
launchings with an upward component of velocity will 
therefore result in lower minima than horizontal launch- 
ings at the same speed. The delay time for minimum 
shock will not be increased very much for any practi- 
cable value of upward launching angle. 

For launching at downward angles, as in a dive, the 
speed will decrease if \* > sin 6 (by Eq. (5a)). A mini- 
mum will therefore occur when this condition is satis- 
fied. 


EXPERIMENTAL VERIFICATION 


In the experiments carried out by the Air Corps to 
determine terminal velocities,! the procedure was to 
photograph the track of a light carried by the falling 
dummy. A pendulum swinging in front of the camera 
shutter provided a time marker. In the report the 
photographs are reproduced. Apparently, only the 
nearly vertical part of the trajectory was measured, 
since no mention was made of a minimum velocity. 

In the light of the present study the photographs in 
the Air Corps report were re-examined. The horizontal 
component of velocity was plotted (on the graphs of 
vertical velocity given in the report) and the resultant 
velocity was computed and also plotted. A minimum 
was found in each of the three records analyzed. 

The values of Ao for these tests (launching velocities 
about 100 ft. per second) were about 0.6 for the heavy 
dummy used and nearly | for the lighter dummy. The 
curves obtained were similar to those for low \» values 
given in Fig. 3 of this paper. 


PROBLEMS OF LAUNCHING 


The preceding analysis indicates that with suitable 
delay of opening high-speed launchings need not entail 
excessive opening shock. More than this is necessary, 
however, before high-speed launchings may be con- 
sidered as comparatively safe. It must be determined 
that high-speed jumps do not in themselves harm or 
incapacitate the parachutist. 

The air resistance at the time of launching causes a 
backward acceleration of \o’g relative to the craft. 
What are the physiologic limits to human tolerance 
of such accelerations? 

In pulling out from power dives, pilots are often sub- 
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jected to 5-8g for several seconds. While individual 
tolerances vary, accelerations of this magnitude and 
duration will normally cause temporary loss of vision 
or even unconsciousness if continued for more than a 
few seconds. Acceleration of the pilot in this case is 
directly due to the upward force exerted by the seat 
which is transmitted to the upper parts of the body 
through the body structure itself. Also of significance 
is the fact that the acceleration in this case acts parallel 
to the major axis of the body. When accelerations are 
produced transverse to the body, accelerations of 10g 
or more may be endured. 

There are two factors favorable to the supposition 
that accelerations encountered in high-speed launchings 
will not prove dangerous, per se. One is that the air 
resistance is much less when the body is parallel to the 
motion, so that when the acceleration acts in the least 
favorable direction its magnitude is lessened and, when 
the acceleration is highest, for broadside motion, the 
body can best support it. The other is that the ac- 
celerating force (air pressure in this case) is more uni- 
formly distributed over the body than is usual with me- 
chanically imposed forces. 

Another question of prime importance is whether the 
parachutist can fall clear of the tail of the launching 
craft. At the instant of jumping, the initial accelera- 
tions are g, downward, and do’g, backward. (If the 
propeller slip stream acts on the parachutist, the back- 
ward acceleration may be even greater.) The path rela- 
tive to the craft makes an angle ¢, measured downward 
from the horizontal and is given by 


@ = tan—!(1/Ao”) (45) 
if Xy = 1, the angle is 45 deg.; for \) = 2, the angle is 
only 14 deg. For safe launchings a line drawn from the 
top of the door, escape hatch, or the highest point 
reached by a parachutist climbing over the edge of the 
cockpit to the lowest projection of the tail structure 
should, in flight, make an angle with the horizontal less 
than ¢. The smallness of this angle suggests that high- 
speed launchings may require something more than an 
open door. Launching through the bottom of the 
craft seems to offer generally the best solution for 
planned parachuting. Emergency jumps will always be 
hazardous, but some consideration given by each pilot 
to the dynamics of bailing out with reference to the 
structure of his plane may pay dividends when a high- 
speed parting becomes necessary. 


CONCLUSIONS 


The major conclusions of the investigation may be 
summarized as follows: 

1. For any horizontal launching speed, the velocity 
of a parachutist falling with parachute closed (or other 
object) will pass through a minimum, less than the 
launching velocity and less than the terminal velocity. 
2. The existence of a minimum in the velocity along 
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the trajectory is verified by a re-examination of some 
experimental data obtained by the Air Corps in 
1928. 

3. Asignificant reduction in opening shock will result 
if the parachute is opened at the time of minimum 
speed. 

4. Safe parachute openings may be made after 
launching from high-speed aircraft by suitable delay 
of the parachute opening. 

5. The optimum delay time for parachute opening 
increases with the ratio of the launching speed to the 
terminal velocity. The optimum delay time will also 
increase with altitude; for a given indicated air speed at 
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launching it will vary inversely as the square root of the 
air density. 

6. Given (or assuming) the terminal velocity, the 
optimum times of delay for horizontal launching veloc- 
ities may be obtained from the charts. For an average 
parachutist (V; = 160 ft. per second) launched at low 
altitude at speeds of 100, 200 and 300 m.p.h., the opti- 
mum delay periods are approximately 2.5, 5, and 6.5 
sec., respectively. 

7. The effect of horizontal initial velocity in slowing 
the rate of vertical fall is shown, incidentally, by a 
chart showing the distances fallen as a function of time 
up to the time of occurrence of the minimum velocities. 
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INTRODUCTION 


_ oa GALCIT** 10-Fr., 200-mM.p.H. wind tunnel 
(Fig. 1) was completed and put into operation in 1930, 
and shortly thereafter a wire model-suspension system 
was installed (Fig. 2). This system suspended the 
model from a number of automatic-balancing, moving- 
poise scales (Fig. 3) and permitted the obtaining of six 
force and moment components through a range of 
angles of attack of the model. Although it was used 
intensively and quite satisfactorily over a period of 
some years, the system had several weaknesses that 
became increasingly apparent as testing proceeded. 
The most important limitations were: 


a. It was essentially a one-parameter system in that 
angle of.attack, but not angle of yaw, could readily be 
varied. 

b. The model suspension members were wires 
which could not support compression. Hence, counter- 
weights had to be attached to the model, and the conse- 
quences of an unintentional reversal of sign in any of 
the wire support loads were serious if not catastrophic. 

c. The tare drag was undesirably large. 

d. Lift was obtained by summing the readings of 
four balances rather than from a single observa- 
tion. 

e. The spacing of the two main supporting trunnions 
in the model was fixed, which occasionally led to un- 
desirable interferences between portions of the model 
and the supporting wires. 

Furthermore, the tunnel, which had been designed 
primarily with academic research in view, was soon 
called upon for more and more testing of actual airplane 
models under design by the aircraft industry. For the 
past several years it has been operated for such tests on 
a 16- or 17-hour daily schedule practically 7 days a 
week. It therefore became apparent that almost any 

mechanical refinement that would reduce testing and 
model installation time and increase the scope of feasi- 
ble tests would be justified by the resulting improve- 
ment in efficiency. 
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DESIGN CRITERIA 


With these considerations in mind a careful design 
study of the problem was undertaken. In August, 
1938, the final outline of a new two-parameter suspen- 
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Fic. 1. Vertical section through GALCIT tunnel. 
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SIX COMPONENT SETUP FOR TEN FOOT WIND TUNNEL TESTS 
AT GUGGENHEIM AERONAUTICS LABORATORY 
CALIFORNIA INSTITUTE OF TECHNOLOGY 


Fic. 2. Wire suspension system. 






TWOPARAMETER MODEL SUSPENSION SYSTEM 


Fic. 3. Automatic beam balance. 


sion system was approved and the detailed design was 
started. The design criteria were: 


Accuracy 
+0.5% 
+0.1% to 50 lbs.; 
+0.5% to 350 Ibs. 


Loads (aerodynamic) 


Lift, +1,500 to —350 lbs. 
Drag, +350 to —150 Ibs. 


Pitching moment, +8,500 in. Ibs. 
Side force, +250 to —200 Ibs. 
Rolling moment, + 10,000 in. Ibs. 
Yawing moment, + 4,500 in. Ibs. 


+ 0.5% 


The balance system was to make use of the existing 
weighing beams, and the beams were to be located and 
read in the same general area of the floor above the 
testing chamber. Further, no major structural changes 
were to be made to the building in order to install the 
system. 

The model suspension was to be accomplished by 
two stiff main struts to the wing of the model and a 
single stiff ‘‘tail’’ strut to the fuselage or to a short 
sting fastened to the wing. The tail strut was to be 
operated by a boom whose motion was to be parallel to 
that of the model so that a selsyn geared to the boom 
would indicate angle of attack of the model. The “‘tail 
length” or distance from the axis of the wing trunnions 
to the axis of the tail fitting was to be continuously 
variable from the minimum length (not more than 12 
in.) to the maximum length of 40 in. The lateral spac- 
ing of the wing supports was to be variable from a 
minimum of 30 in. to a maximum of 60 in., and provi- 
sion was to be made for a single strut at the center of the 
tunnel. The tail boom was to have an angle range of 90 
deg. (+60 to —30 deg.), and the yaw system was to 
provide a range of +30 to —30 deg. angle of yaw. 
Mechanisms were to be provided to eliminate the static 
pitching and rolling moments of the model so that at 
zero air speed all balances were to read zero for any 
attitude of the model. Windshielding was to be pro- 
vided to move automatically with, but not touch, the 
balance system and to be so operated that the exposed 
length of the model support fittings was to remain con- 
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stant regardless of the attitude of the model. Angle of 
attack and angle of yaw were to be remotely controlled 
from two alternative semi-portable push-button sta- 
tions, one next to the working section and one near the 
weighing beams. These angles were to be remotely 
read at the push-button stations and at a third station 
on the wall of the balance room. Complete sets of 
limit switches and protective devices were to be pro- 
vided to keep the system within the safe limits of the 
operating range and to protect it against overload in 
the event of accident. All parts and adjustments 
were to be designed with an eye toward ease of opera- 
tion, and the model installation machinery was to be so 
designed that one normal model could be removed and 
another installed in 15 min. time. Finally, the system 
was to be made as light as possible, consistent with 
reasonable deflections, in order to minimize errors due to 
unavoidable shifts of dead weight and to keep the tare 
load on the lift balance near the maximum negative lift. 


DESCRIPTION OF THE NEW SYSTEM 


With minor exceptions the above criteria have been 
adhered to. It was found necessary to increase the 
negative lift capacity to equal that of the positive lift 
and to strengthen the system so as to give it a capacity 
of 2,000 Ibs. positive lift, including model weight and 
aerodynamic lift. The final weight of the supporting 
system resulted in a tare load of 760 kg. (1,670 Ibs.) on 
the lift balance. 

The new system incorporates the truncated pyramid 
type* of suspension used at the University of Washing- 
ton and M.I.T., with modifications introduced as a 
result of the particular requirements of the GALCIT 
laboratory. The model is mounted in the inverted 
position so that positive lift loads are downward. Aill 
six components are measured with respect to wind axes, 
and moments are measured about the point of inter- 
section of the wing trunnion axis and the yaw axis, this 
point remaining stationary with respect to the reference 
framework for any change of attitude of the model. In 
this type of suspension system the friction at the trun- 
nion bearings introduces no error in the moment 
readings and, as a result, the static moment compen- 
sating system can be added to the angle of attack 
linkage, and electric power, water, and pressure tubes 
can be run into and out of the model through the tail 
strut, all without affecting the accuracy of the force or 
moment measurements. Feedback levers and totaliz- 
ing beams have been provided so that each component 
of force and moment is read on a separate balance 
(Fig. 4). 

Angle of attack variation is accomplished by an 
electric motor acting through a worm gear reducer and 
driving a boom on which are ways for a rider, which in 
turn provides the upper pivot of the tail strut. The 


* This system is closely related to the Dynafocal Suspension 


system for aircraft engines. 
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rider is moved along the ways by a lead screw geared to 
a counter that reads tail length in inches and hun- 
dredths. After a tail length setting has been made, the 
rider is clamped to the boom (Fig. 6). 

The yaw bearing consists of about a 200-deg. arc of a 
circular T slot in which operates a 260-deg. arc of a 
circular T head track. The T slot is suspended from 
the weighing system, and the track forms part of the 
cross-beam to which the model supporting arms and 
angle of attack mechanism are fastened. T slot and 
track are large enough in diameter to leave a clear space 
for the angle of attack mechanism. The T slot is lined 
with oilite pads and is made a snug fit with the carefully 
machined track. Part of the outside of the T slot is a 
segment of a worm gear, and a worm, driven through a 
reducer by the yaw motor and fastened to the cross- 
beam, makes the track, cross-beam, and everything 
fastened to them move in yaw with respect to the 
weighing system (Fig. 7). 

The windshield system is mounted on a turntable 
coaxially with the balance system. Through three 
independent motors, three sensitive follow-up switches, 
and appropriate linkages, the three windshields are 
made to follow the support struts and at the same time 
remain parallel to the axis of the tunnel. The follow- 
ups operate through vacuum tube amplifiers and relays 
to the motors. The latter drive through magnetic 
clutch-brakes to eliminate the hunting which would 
result if, with their considerable inertia, the motor 
armatures were geared directly to the system. The 
turntable is approximately tangent to the top of the 
cylindrical working section on which a low conning 
tower forms a seal between the flat turntable and the 
cutout in the top of the working section (Fig. 5). 

Remote indication is achieved through accurate selsyn 
transmitters geared 12 to 1 to the angle drives so that 
one revolution of a selsyn indicates an angular change of 
30 deg. The settings are accurate to about 0.03 deg. 
Two repeaters are located in each portable push-button 
station, and two more with large dials are visible from 
any point in the balance room. 

Up to the weighing beams that are supported on 
knife edges, all metric pivots are Cardan hinges or flexure 
links. Ball and roller bearings are used only in the 
angle drives, where they are introduced to minimize 
maintenance rather than to reduce friction. 

The lower ends of the supporting struts have bayonet 
fittings which project from the windshields to the model. 
In order to produce minimum tare drags, these are made 
as small as is consistent with reasonable deflections. 
Preliminary investigation indicated that the fittings 
should be serrated to induce a turbulent boundary layer 
and to reduce laminar separation at the small Reynolds 
Numbers at which they operate. The wing bayonets 
are elliptical in cross section, tapering from °/s by 1'/, in. 
to °/ig by °/s in. at the model. The tail fitting is of 
circular cross section and tapers from '/; in. at the 


strut to */,. in. at the surface of the model. Exposed 


AERONAUTICAL 











SCIENCES—JUNE, 1942 






lengths are 4 in. for the tail fitting and 4 to 7 in. for the 
wing fittings (Fig. 5). A hollow tail strut may be sub 
stituted for the one described above to carry variab|: 
frequency power, cooling water, and tachometric or 
hinge-moment measuring leads to the model. 

The static pitching moment compensation system is 
shown in Fig. 6. The cross tube, bell cranks, and 
weight arms are mounted on trunnion bearings, and the 
push rods operate the complete system through the 
same angle of attack as the model. Each weight arm 
may be rotated independently of the rest of the system 
so that a static moment equal and opposite to that of 
the model may be achieved by the correct setting of the 
two arms with respect to the bell cranks and cross tube. 
Static rolling moment is eliminated by lateral shifting of 
weights at the ends of the cross-beam. As a result of 
these adjustments the balances indicate only aero- 
dynamic forces for all model attitudes, and this has 
proved a valuable feature of the system. 

The angle setting system, wind shield system, and 
new working section were assembled and tried out be- 
fore the tunnel was shut down and before the wire 
balance system and old working section were removed. 
As a consequence, normal wind-tunnel operation was 
interrupted for a period of only 6 weeks while the old 
system was removed and the new one installed and 
calibrated. Some undesirable vibrations, especially in 
the region of the stall, were discovered during the 
initial tests with the new system. Viscous damping 
was introduced at strategic points and has practically 
eliminated this difficulty. A considerable number of 
investigations has now been carried out with the new 
system, and it appears that all of the characteristics 
that it was designed to furnish have been achieved. 
The accuracy is at least as good as was furnished by the 
old system and for certain components is actually much 
better. 


TARE AND FLOW INCLINATION CORRECTIONS 


Although a strut type of model suspension system 
can usually be designed to furnish smaller tare drag 
than an equivalent wire suspension system, the problem 
of tares with the former type of system is, paradoxically, 
usually more difficult than with the latter. This is 
primarily because of the interference effect of the rela- 
tively large support windshields required with the strut 
type of suspension. The most important element in 
this interference effect is usually the change in flow in- 
clination which the struts and windshields produce over 
portions of the model lifting surfaces. Although the 
determination of tare, interference, and flow inclination 
corrections with modern strut suspension systems has 
been mentioned by several authors, no really adequate 
treatment of the problem has yet appeared in print, to 
the writers’ knowledge. The following discussion, 
based on a rather intensive study of this question with 
the new GALCIT suspension system, may, therefore, 
have some general interest. 
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Fic. 4. Schematic side view of new suspension system. 





Fic. 5. Com- 
posite view look- 
ing in the down- 
stream direction 
and showing a 
model wing with 
supports and 
windshields, the 
suspension system 
above the tunnel, 
and the balances 
from which the 
suspension system 
hangs, 





Views showing tail boom in low and high angle of 
attack positions, with associated pitching moment counterweight 





Two views showing the system rotated to plus and minus 
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The normal and image suspension systems attached to a 
wing. 


Fic. 8. 


The first problem in any such discussion is the deter- 
mination of the dynamic pressure at the model. At the 
GALCIT, as in most closed throat tunnels, the air speed 
in the tunnel is controlled by observing the difference in 
static pressure at two piezometer rings—one in the 
large diameter entrance section and the other near the 
upstream end of the working section. This pressure 
difference is here denoted by / and is the experimentally 
observed quantity controlling tunnel speed. In the old 
GALCIT system the downstream piezometer ring was 
located in the working section, while in the new system 
it has been moved upstream in the converging nozzle to 
a point where the diameter is 25 per cent larger than 
that of the working section. In this way interference 
effects of even abnormally large models on the pie- 
zometer ring are eliminated. The penalty that must be 
paid is that the magnitude of h for a given tunnel speed 
is much reduced. 

In order to determine the average dynamic pressure 
over the model, a survey is made across the position 
normally occupied by the model, with the complete 
suspension system in the tunnel but with no model 
mounted. This furnishes a ratio, g/h, which, multi- 
plied by h, gives the average dynamic pressure over the 
model, g, which is assumed to act when the model is 
tested. It will be noted that the so-called blocking 
effect is not taken into account, so that this procedure 
may lead to errors if models are tested having abnorm- 


AERONAUTICAL SCIENCES—JUNE, 








1942 


ally large frontal areas relative to the working section 
cross-sectional area. It should also be noted that if 
large-span models are tested, g/h may vary appreciably 
with span. This is true at the GALCIT where models 
with span up to 95 per cent of the working section dia- 
meter are fairly often tested. 

The second problem to be considered is that of flow 
inclination, by which is meant the mean inclination of 
the wind stream in the absence of the model, to the 
drag or horizontal axis of the suspension and balance 
system. The extreme importance of this factor is often 
overlooked. A few hundredths of a degree of inclina- 
tion is sufficient to cause an appreciable fraction of the 
lift force to appear as drag and so to modify funda- 
mentally the shape of an experimentally determined 
polar. It is practically impossible to measure inclina- 
tions of such small magnitudes with yaw meters, so that 
the final adjustment of, or correction for, inclination 
must be carried out on the basis of lift and drag meas- 
urements of a wing or airplane model. Such measure- 
ments fundamentally require the testing of a model 
suspended nérmally and inverted and a comparison of 
the two polars so obtained. If lift is always considered 
as positive when directed from the pressure toward the 
suction side of the wing at positive angles of attack, 
then in the absence of flow inclination the two polars 
should be identical. If inclination is present, the polars 
will be rotated with respect to one another at their 
intersection with the zero lift axis. Furthermore, the 
magnitude of this rotation accurately determines the 
degree of flow inclination present. 

If the model spans the wind stream and is suspended 
from the tunnel walls so that no model supports are in 
the air stream, the above procedure is simple. If such 
supports are present, however, the matter is more 
complicated, since the method is based on the assump- 
tion that the inverting of the model leaves the flow un- 
altered except for the effect of the model itself. In 
view of this situation the procedure adopted at the 
GALCIT is as follows: A second suspension system is 
constructed whose windshields and exposed lengths of 
support strut are identical with those of the standard 
system (Fig. 8). This is called the image system and is 
located so as to represent the reflection of the normal 
suspension system in a horizontal plane through the 
tunnel axis. The image wing struts are attached to the 
normal wing trunnion bearings and hang down through 
the windshields. They are made sufficiently heavy so 
that even at high wind speed they do not come in con- 
tact with the windshield but are supported solely by the 
model. The image tail strut 1s attached to a bearing in 
the fuselage (or wing sting) and hangs down through its 
windshield. As angle of attack is varied, the tail wind- 
shield is manually moved fore and aft and vertically so 
as to follow the tail strut and retain a constant length of 
exposed strut (Fig. 9). With this setup all obstructions 
in the tunnel are symmetric about a horizontal axis 
across the wind stream and, more important, are 
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TWO-PARAMETER MODEL 





Fic. 9. The image system support showing the method of 
controlling the position of the tail strut windshield. The vertical 
height is determined by sighting on the lower end of the freely- 
hanging tail strut through a hole in the windshield tube. 


identical whether the model is mounted normally or 
inverted. The latter is strictly true only if the wing 
trunnion axis is located at the midpoint of the wing 
thickness at the trunnion location, but this condition 
is almost always satisfactorily met. 

Fig. 10 contains a typical set of experimental results 
obtained as outlined above. For convenience the in- 
duced drag is subtracted before the data are plotted. 
The far greater accuracy with which inclination can be 
determined from the drag differences than from the 
Cy, vs. a differences appears very strikingly. Actually, 
the latter criterion is nearly worthless since, with con- 
ventional wing templets, it is difficult to make the 
initial angle of attack determination with an accuracy 
much greater than 0.1 deg. (Once the model has been 
installed, angle of attack increments can be determined 
to a much greater accuracy, but this is of no assistance 
in the present connection.) It should be pointed out 
that in view of the extremely small values which are 
significant the flow inclination is usually a function of 
both model span and of tunnel air speed and should 
consequently be investigated for each new condition 
encountered. 

The tare and interference effects of the model suspen- 
sion system itself are determined at the GALCIT by 
Suspending the model in the inverted position from the 
normal suspension system and observing the differences 
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Fic. 10. Typical experimental results of a flow inclination deter- 


mination using the image system. 


in forces aid moments with and without the image sys- 
tem present. These differences are taken as the tares 
that would be attributable to the normal suspension 
system with the model mounted normally. In this con- 
nection two points require special mention. 

First, the method rests upon the assumption that the 
tares added by the image system with the normal sys- 
tem present on the suction side of the wing are the same 
as those added by the normal system when the suction 
side of the wing is clear. In other words, the interfer- 
ence effect between the normal and image systems is 
neglected. This appears to be a legitimate procedure 
but has not yet been experimentally verified (as could 
be done with some difficulty by mounting the model on 
an additional central supporting strut and repeating the 
above procedure). 

The second point is probably more important. It 
will be recalled that the average dynamic pressure over 
the model is determined from a survey made with the 
normal suspension in the tunnel. When the image 
system is added the distribution of dynamic pressure 
over the model is somewhat altered. This is evidenced 
by the fact that dC,/da is slightly different with and 
without the image system present. In obtaining C, 
the measured lifts were, in both cases, divided by the 
dynamic pressure obtained from the standard survey. 
A correction to this dynamic pressure is accordingly 
applied for the measurements with image system 
mounted, the magnitude of the correction being deter- 
mined by the condition that dC,/da for this case must 
be equal to that for the test without image system. 

In order to present the tares in a form roughly inde- 
pendent of model size, a dimensional representation is 
employed: 
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Fic. 11. Tare drag and pitching moment results for a number of 
models at one wind speed. 


_ tare drag _ 


q 
area 


tare drag coefficient X model wing 


f 


_ tare pitching moment 


q 
X model wing area X model chord 


= tare moment coefficient 





Fig. 11 presents a collection of the tare data obtained 
to date with a number of different models at a standard 
wind speed of about 175 m.p.h. The abscissae repre- 
sent the geometric angle of attack measured from zero 
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lift. In order to obtain an idea of the order of magni 
tude of the corresponding values of the tare coefficients, 
f may be divided by 10 sq.ft. (an average model area) 
and g by 10 cu.ft. These tare data do not include the 
effect of free stream flow inclination, which must, of 
course, be added to them in determining the final correc- 
tions for use in reducing experimental results. 

It is apparent from Fig. 11 that the tare variations 
from model to model are fairly considerable. At the 
present time it is therefore believed necessary to deter- 
mine the tares for each new model tested. As addi- 
tional data are obtained it is hoped that it may be pos- 
sible to correlate the various tare curves with model 
geometry, and so to estimate satisfactorily the tares for 
a new model without resorting to an experimental 
determination. As yet, however, this goal has not been 
achieved. 


CONCLUSIONS 


The new GALCIT wind-tunnel model suspension 
system, although relatively expensive and elaborate in 
design, has already more than justified itself. Its 
most important features are: 

a. The possibility of using pitch and yaw as free 
parameters. 

b. The separation of forces and moments into indi- 
vidually observed components. 

c. The elimination of all gravity moments. 

d. The elimination of friction about the pitch or 
yaw axis as a source of error. 

e. The great flexibility in model support locations. 

f. The possibility of measuring positive and negative 
lifts of approximately equal magnitude. 

The determination of tare drag and pitching moment 
has been carefully studied and a procedure has been 
developed which is believed to lead to accurate results 
without excessive difficulty. 


Institute Notes 


(Published as “Institute News’’ in the June issue of the Aeronautical Engineering Review) 


Beginning with this issue, notes on Institute members 
and Institute activities, formerly published as ‘‘Insti- 
tute Notes’ in the JOURNAL OF THE AERONAUTICAL 
ScrENcEsS, will instead be published as a new depart- 
ment, “Institute News,” in the AERONAUTICAL ENGI- 
NEERING REviIEW. This department will continue to 
publish news of Institute members, list of recently 
elected members, the column on personnel opportuni- 


ties, accounts of national, Section and Student 
Branch meetings and of other activities of the 
Institute. 

This change permits a larger number of technical 
papers to be published in the JouRNAL, thus making it 
possible to print important reports more promptly 
after they have been received and approved by the 
Editorial Board. 

















Technical Development of the VS-300 
Helicopter During 1941 


I. I. SIKORSKY* 
United Aircraft Corporation 


| Sages A BRIEF GLANCE at the history of direct lift 
aircraft reveals that the primary problems that 
were encountered in this field were those of (1) stability, 
(2) control, and (3) the smoothness of operation of 
rotors and of transmission mechanisms. 

During the nineteen twenties, however, extensive re- 
search and experimentation was carried on by Juan de la 
Cierva and his associates on the autogyro which made 
possible for the first time a practical understanding of 
many principles of rotating wings, including the famous 
articulated blades, rotor balance, rotor control, etc. 
The impulse given by the successful work of de la 
Cierva, as well as the general progress in aeronautical 
engineering, finally permitted the successful solution of 
all main problems connected with the design of a 
helicopter. 

The object of this paper is to describe briefly the 
general characteristics of the VS-300 helicopter which 
was constructed in 1939 and successfully flown during 
the last two years. 


DESCRIPTION OF THE VS-300 


The VS-300 helicopter is equipped with a three- 
bladed main rotor of 14 ft. radius and has a welded 
tubular steel fuselage and an auxiliary propeller for 
torque compensation and directional control, rotating 
in a vertical plane at the tail of the fuselage. During 
the early part of 1941, a 90-hp. Franklin air-cooled en- 
gine replaced the previous 75-hp. engine in the aircraft 
and has supplied the power ever since. 

In addition to the torque-compensating propeller, 
various control propellers have been installed at the 
tail of the fuselage at various stages of development. 
During 1941 the tail propellers, including the one for 
torque compensation, were generally two-bladed with 
46 in. radii. The main rotor in hovering flight turns 
about 260 r.p.m., and the tail propeller or propellers 
turn about five times that speed. A free-wheeling unit 
is installed between the engine and the rotor drive 
shafts so that the main rotor and tail rotors may con- 
tinue to turn in an autorotative condition in the event 
of engine failure. Power is transmitted by means of a 
multiple-V-belt drive and bevel gears. The angle of 
incidence of the main rotor blades is controllable with 
arange from +2 to +13 deg., and the incidence of the 
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tail rotor blades is controllable and reversible. It is 
obvious that if the incidence of the main lifting rotor is 
increased more power will be required for it. There- 
fore, a means of synchronization is provided between 
the main pitch control and the throttle arm of the car- 
buretor so that an increase in incidence will be ac- 
companied by an automatic increase in throttle opening 
and vice versa. 


FLIGHTS OF THE VS-300 


The practical results of 1941 are best demonstrated by 
a brief résumé of the flights made. 

During the year several pilots flew the aircraft ex- 
tensively, and satisfactory flight and control char- 
acteristics were demonstrated. The aircraft, without 
exception, always took off and landed with no ground 
run whatsoever, regardless of the wind velocity. It 
could rise and descend vertically or on an inclined 
plane varying from 0 to 90 deg.; it could hover over 
one spot for any desired length of time and could be 
flown backward or sideways as well as forward. In 
forward flight, speeds upward of 60 miles per hour were 
reached, although the aircraft did not at any time ap- 
proach its maximum. Precision control was re- 
peatedly demonstrated by approaching persons or ob- 
jects on the ground and hovering within inches of a 
given point, followed either by backing away or by pro- 
ceeding sideways or forward in a routine manner. 
One example of this was the changing of a tire while 
the aircraft hung motionless just above the ground. 

During the late summer and fall, the aircraft was 
mounted on pneumatic rubber floats and extensive 
water operations were carried on within a range from 
0 to 60 miles per hour, and fast forward flights, some- 
times low over the surface of the water, were repeatedly 
made to demonstrate the accuracy of control. On the 
surface of the water the aircraft was found to be more 
easily handled than any other surface vessel. It not 
only taxied forward and turned as do other surface 
craft, but it could also be brought to a complete stop 
without disengaging a clutch or stopping the engine 
and be taxied backward without using a reverse gear. 
It could taxi sideways even against a strong current 
or wind and turn complete circles precisely on one spot. 
Because of the aircraft’s ability to land and take off 
vertically, there was no problem of spray from the 
pontoons and no step was required. 
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During 1941, three important recorded flights were 
made by the writer as follows: 

On April 15 the VS-300 established the official na- 
tional helicopter endurance record by remaining in the 
air 1 hour, 5 min., 14.5 sec. 

On April 17 the helicopter, mounted on rubber floats, 
was repeatedly taken off from water and landed on 
water and then landed on the ground, demonstrating 
for the first time a direct lift aircraft with excellent 
amphibian characteristics on which no adjustments 
whatsoever are needed when going from water to land 
and vice versa. 

On May 6 the VS-300 brought to the United States 
the official international record for helicopter endurance 
by remaining in the air 1 hour, 32 min., 26.1 sec. 


CONTROL WITH Two HorIzONTAL TAIL OUTRIGGERS 


During the first half of 1941, control of the VS-300 
helicopter was secured from two auxiliary tail rotors 
turning in a horizontal plane; these were in addition 
to the previously mentioned torque-compensating 
rotor that turns in the vertical plane (see Fig. 1). 

The two horizontal rotors were mounted on welded 
steel tube outriggers, one on either side of the tail of 
the fuselage. Each of these outriggers was approxi- 
mately 10 ft. long, and various angles were given to 
them in order to investigate the advantages to be 
secured from changing the plane of rotation of the tail 
propellers in relation to the main rotor disc. These 
horizontal propellers provided lateral and longitudinal 
control as follows: (1) lateral control was secured by 
increasing the incidence of the blades of one propeller 
while decreasing the incidence of the blades of the other 
propeller (this was accomplished by moving the con- 
ventional pilot’s control stick to one side or the other); 
(2) longitudinal control was secured by increasing or de- 
creasing the incidence of the blades of both horizontal 
tail propellers simultaneously (this was done by for- 
ward and backward movement of the conventional 
pilot’s control stick). This type of control was found 
to be extremely sensitive and positive under all cir- 
cumstances and provided almost instant change of 
attitude of the airship. The inherent stability, how- 
ever, was not so marked as in more recent control re- 
visions and, obviously, the structure and transmission 
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arrangements were more complex than in later de- 
signs. It was with this control that the record flights 
previously mentioned were made. 


CONTROL WITH ONE HORIZONTAL TAIL PROPELLER 


During the summer of 1941, experiments were carried 
on with sectional pitch control in the main lifting rotor 
(see Fig. 2). In this plan the horizontal tail outriggers 
were removed and each main rotor blade changed its 
angle of incidence progressively throughout its cycle of 
rotation. Thus, for instance, with the control stick 
moved toward the right, all blades would progress to a 
certain minimum incidence as they passed the right- 





hand side of the airship, while at the left-hand side, 
all of them would be at a certain maximum incidence. 
Such an arrangement resulted in inclining the lift 
vector of the main lifting rotor to the right, thus caus- 
ing a resultant horizontal force to act. 

During the following five months, extensive flights 
were made with sectional control used on the lateral 
axis only, and with longitudinal control secured through 
a tail propeller mounted on a skeleton tower above the 
tail of the fuselage. The incidence of the blades of this 
propeller could be increased or decreased at the will 
of the pilot. This arrangement, shown in Fig. 2, 
was found to have many advantages, primarily a cer- 
tain pendular lateral stability and positive longitudinal 
control. It also had a more simplified structure with 
its obvious advantages of storage, etc. 


FuLL SECTIONAL CONTROL 


During December, 1941, the control arrangements 
were again revised in order to provide control by sec- 
tional change of the incidence of the main rotor blades 
longitudinally as well as laterally. Thus, the former 
lateral sectional control was broadened to be effective 
throughout the entire 360 deg. of the disc of rotation. 
The horizontal tail propeller, which had previously 
been used for longitudinal control, was entirely re- 
moved, leaving only the torque-compensating propel- 
ler at the tail (see Fig. 3). Sectional change of pitch 
in the main lifting rotor was secured by inclining the 
conventional pilot’s control stick in the desired direc- 
tion. The first flights with this control were made 
just before the end of the year and during January, 




















DEVELOPMENT OF THE VS300 HELICOPTER 


1942, the new control arrangement was proved to be 
satisfactory in extensive flights. Various modifica- 
tions have been investigated, including the installation 
of a horizontal fin surface at the tail (see Fig. 4). This 
is now being tried alternately as a movable surface co- 
ordinated with the fore-and-aft inclination of the main 
rotor disc and as a fixed surface to act as a stabilizer 
and a dampener. However, the amount of flying to 
date with this supplementary surface is not yet suf- 
ficient to evaluate fully its worth. Flights with the 
full sectional control have so far been entirely satis- 
factory, and the aircraft seems to have reasonable in- 
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herent pendular stability, laterally and longitudinally. 
The obvious advantages of this arrangement are the 
further simplification of structure and transmission 


problems. 


DIRECTIONAL CONTROL 


It has been stated above that the torque-compensat- 
ing propeller, turning in the vertical plane at the tail 
of the aircraft, also provides directional control. This 
is secured through action of the pilot’s rudder pedals 
which change the angle of incidence of the torque- 
compensating propeller blades, thus increasing or de- 
creasing their thrust. With the rudder pedals in neu- 
tral, a few degrees positive incidence is always carried 
on the blades of this propeller to compensate for the 
torque of the main lifting rotor. 


ACTION OF MAIN ROTOR BLADES 


By reviewing briefly the action of the main rotor 
blades, therefore, it is found that in the present full 
sectional control arrangement their incidence may be 
varied in two different ways: (1) simultaneous in- 
crease or decrease through action of the pitch control 
lever at the pilot’s left hand, which results in increasing 
or decreasing the thrust of the main rotor and thus 
controlling the rate of ascent or descent of the craft; 
synchronized with this is the action of the throttle so as 
to provide a change in horsepower as required by the 
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change of incidence and maintain a substantially con- 
stant number of revolutions per minute without the 
need of manually adjusting the throttle; and (2) pro- 
gressively throughout the cycle of rotation so that 
each blade will follow a varying path in relation to 
normal; this is controlled by the conventional con- 
trol stick which not only determines the direction of 
inclination of the main rotor disc but also the degree of 
this inclination. Thus it is possible in a given condi- 
tion of flight to have, for example, 9 deg. of incidence 
on the main rotor blades through action of the main 
pitch control and then to add or subtract a few degrees 
at any point in the cycle through action of the sectional 
control. The sectional control, of course, always 
works so that the lowest point of the blades in their 
cycle of rotation is at 180 deg. to the highest point. 
FUSELAGE COVERING 

In conjunction with the investigation of the three 
fundamental controls outlined herein, the effect of fuse- 
lage covering in various degrees was also studied. Verti- 
cal fin area toward the tail of the fuselage was first 
applied as in Fig. 1; thereafter, the entire side of the 
fuselage was covered as in Fig. 2; and, finally, a nose 
covering was installed which provided an open cockpit 
for the pilot (Fig. 3). As a general rule it was found 
that a certain amount of fin area made the controls 
considerably more effective and pleasant but that an 
excess tended to give too much damping to the action 
of the controls. The nose covering did not appear to 
change materially the flying characteristics, and the air- 
craft is being flown at present with this covering con- 
stantly installed. 

CONCLUSION 

On the basis of the results achieved with the VS-300 
helicopter during the year 1941 in which fundamental 
problems of control and stability appear to have been 
solved, the writer looks forward with confidence to the 
future of direct lift aircraft. The future work that 
remains to be done will include the refinement of con- 
trols already investigated, as well as research along 
many other lines of thought. This will doubtless 
produce further improvement in the handling qualities 
of the aircraft, but it is certain that 1941 has seen the 
VS-300 grow from an experimental laboratory model 
to an aircraft that embodies practical flying qualities. 
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